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Biological energy sources should be evaluated in terms of energy inputs 
needed to achieve various levels of biomass yields and energy outputs. 
tion, seed or seedling production, and the establishment, cultivation, harvest, 
transport and conversion of the crop all necessitate energy expenditures. These 
inputs can include energy needed to manufacture the machinery and that needed to 
run it in the various production and utilization processes, produce fertilizers, 
and feed the labor force. 
solar radiation, rain and wind energies. 
stages, such as before or after harvest, transportation, pretreatment (e.g. 
chipping, pelletizing, drying), or final conversion. Comprehensive energy bal- 
ances for agricultural crops such as corn (Pimentel et al., 1973) and sugar cane 
(Hopkinson and Day, 1980) have been calculated, but relatively little is known 
about such balances for forest crops. 

Site prepara- 

They may also include environmental energy inputs like 
Outputs can be measured at several 

All types of biomass share certain advantages and disadvantages as energy 
sources. Among the most important positive, long-term aspects are that they are 
renewable indefinitely, cause no net change in atmospheric carbon dioxide levels 
and contain relatively few pollutants. 
verted into a variety of liquid or gaseous fuels or directly into heat. 
advantages of biomass include the removal of nutrients and organic matter from 
soils and high harvest and transport costs because the resource is generally 
scattered, bulky and high in moisture. 

Biomass is versatile in that it can be con- 
Dis- 

Forest tree species offer several advantages as energy crops in comparison 
with agricultural crops or other herbaceous plants. 
offers flexibility in harvest timing and the accumulation of large amounts of 
biomass in the field. 
from erosion with an organic litter layer. Broadleaved species sprout from the 
stump or root system, obviating the need for additional site preparation or plant- 
ing once they are established and thereby reducing energy inputs needed for the 
second or subsequent rotations. Woody materials also are less subject to deterio- 
ration in post-harvest storage than are the more succulent, herbaceous ones. 

The perennial nature of trees 

Trees make low nutritional demands on soils and protect them 

There are many different types of forest materials which can and do currently 
serve as alternate energy sources. They range from logging and mill residues to 
thinnings and stands which currently lack a market. The specific biomass production 
system for which I wish to develop energy input / output ratios are short-rotation 
coppice forests in Georgia. These consist of plantations of broadleave2 tree 
species which are planted much like an agricultural row crop. 
current research outplantings are spaced in rows 2.4m apart and 1.2m apart within 
the rows. These seedlings are allowed to grow, generally with cultural help like 
fertilization and weed control, until they have fully captured the site. Then they 
are harvested mechanically and the rootstocks, which remained in the ground after 
the harvest, will sprout and automatically establish the next stand. These sprouts 
will grow more rapidly than a new planting would because they are supported by an 
established rootsystem, designed for a larger plant, which has access to soil water 
and nutrients. Such rootstocks also act as carbohydrate reservoirs so that the new 
stern and leaf tissues for the reemerging stand can be developed rapidly. Generally 
the new stand will fully occupy the site within the first or second growing season 
after harvest. 

Seedlings in our 
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For t h i s  pre l iminary  assessment  i t  w i l l  be necessary t o  combine energy i n p u t s  
f o r  a p l a n t a t i o n  e s t a b l i s h e d  i n  1978 (Steinbeck,  1979) w i t h  t h e  energy o u t p u t s  de- 
termined f o r  a spac ing ,  y i e l d  and r o t a t i o n  l e n g t h  experiment which w a s  i n s t a l l e d  i n  
1967 (Steinbeck and May, 1971) .  Both p l a n t i n g s ,  however, a r e  i n  s i m i l a r ,  r o l l i n g  
t e r r a i n  in  t h e  Piedmont province  of  Georgia  and i n  t h e  main a l s o  on t h e  same s o i l  
series. 
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Jerusalem artichoke (Helianthus tuberosus L. )  has sham excellent potential 
as a carbohydrate-rich crop. 
tuber yields; hawever, when additianal studies showed that good quality pulp 
r-ined a f te r  inulin extraction and high forage yields per hectare were obtain- 
able, the scope of our investigation was broadened to  assess ut i l izat ion of the 
to ta l  plant. Plant growth, yield and ccmpositicmal characteristics of Jemsalem 
artichoke as they relate to  bicmass production will be reported. 

P_ant description and characteristics 

Cur initial investigations determined inulin and 

Jerusalem artichoke is native to  t e e r a t e  I or t5  ).erica a d  sdapted to  the 
region circumscribed by the agricultxral region contiguous with the northern 
shore of the G r e a t  Lakes, the Red and Mississippi Rivers on the West as f a r  South 
as Arkansas, eastward t o  the Piedmmt coastal plain of the Eastern seaboard, 
extending fran George north t o  @ebec. Although often referred t o  as wild sun- 
flower, it differs frcm other native Helianthus species by p r o k i n g  perennial, 
fleshy tubers. P l a n t s  grm tall and upright, having either a branching or non- 
branching form of growth. 
of min stem and branches m y  produce small, hard seeds although seed production 
is  often poor. Tuber shape, size and display vary frm round, knotty clusers to  
long, snooth single tubers. 

100 t o  130 days. 
frosts extends its growiqg seasm beyond ttiat of convmtional f ie ld  crops. 
characteristic aids s m  qe-iuer-tal lines in achievkg high tuber yields. 
 amr ring zenotypes .do not mtmre. 

Pest and disease problans are few. 
(Sclerotinia s c l e r o t i m )  is  the mst efficacious; hmever, rust, Septoria leaf 
spot ar.d downy mildew are potential problems. 
diseases may occur in storage. 
min healthy unt i l  their r d  in the spring. 
chdce is adaptable and remarkably res i l ien t  t o  m e  which explains its high 
yield potential. 

Small yellow ray and disk f lore t s  borne a t  the end 

Growth begins frm tubers early i n  the season. P Q t u r i t y  is reached within 
Jerusalem artichoke's m a t e  tolerance t o  spring and f a l l  

This 
Late 

Of the diseases, Sclerotinia wil t  

Ulharvested tubers winter w e l l  in the s o i l  and re- 
White mold and sof t  r o t  tuber 

In a l l  respects, Jerusalem arti- 

Grcrwth functions 

Tne growth of plant tops and tubers are influenced by the f l w r i n g  process. 
Considerable variation in tim of flowering occurs within the species, the ear l ies t  
lines flaring in early July, and the l a t e s t  a t  the end of S e p t d e r .  
fl-r buds appeared, the rate of dry Fatter a c d a t i o n  in t5e aerial parts  de- 
creased (Fig. 1). 
occurred after flaring. 
result of leaf senescence and abscission. 

when 

Maximrm dry ratter (D-0 yields of plant tops were 12.2 T/ha and 
The subsequent loss of dry matter was, ia part, the 
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Tubers develop frcm stolons which enlarge with the onset of f lmering (Fig. 1). 
The d e r  of tubers increased m.til 50 percent flmering occurred and subse- 
quently declined to approximately 25 tubers/plant. 
tuber increased exponentially. 
from s a w  tubers, as  w e l l  as leaf senescence, contributes t o  increasing the rate 
of individual tuber dry matter a c d a t i o n .  Tuber yields were 283.5 g W p l a n t  
which is  equivalent to 9450 kg lN/ha (42 T/ha fresh weight). 
terminated by ki l l ing  frosts .  

During that t*, the weight per 
It is hypothesized that translocation of material 

Plant growth was 

Variability in forage yield and cornposition 

Forage ccmposition changes with advancing m t u r i t y  (Table 1). Protein de- 
creased continually, but between week 6 and 7 there was a significant reduction. 
Conversely, the ADF and lignin fractions increased between w 4 c s  7 and 8. These 
changes were associated with cessation of flmering. Cellulose and ash contents 
ranained relatively constant throughout the sampling period. 

anvxlg accessions (Table 2).  
flowered late. 
ability in IM cmtent  was not influmced by stage of maturity. 
appeared t o  be associated w i t h  prevailing climatic conditions at time of harvest. 
The lcw yielding line (NC10-50) is  a leafy, relatively fine st-d accession 
having the highest protein and l m s t  ADF and l ignin contents among a l l  accessions 
evaluated. The greatest ammt of protein, ADF and lignin in the respective high 
accession was 1.8, 2.1 and 3.4 times that  of the lmvalue accession. 
the mgnitude of var iabi l i ty ,  it appears that forage canposition could be readily 
improved through plant breeding. 

Variability in tuber yield and ccmposition 

used to  estimate irniin content and its mlecular size. Actual inulin content and 
molecular size found in Jerusalem artichoke is not clearly understood, but re- 
search is  currently underway a t  a western Canadian university t o  identify degree 
of polymerization and the changes which occur during tuberization and later during 
storage. 

Ontogenetic changes in carbohydrate content and composition were recorded in 
t m  Jerusalem a r t i c h h  accessions (Table 3) .  
a higher average TRS content and a wider  range of values over the sapling period 
than the higher yielding Russian occession. A trend toward lower reducing sugar 
content and percent fructose was evident in the native s t ra in ,  xhereas ‘IRS content 
remined relatively constant in the Russian line. 

zhe duration and conditions of storage al&er carbohydrate and DPI content of 
the tubers (Table 4 ) .  Holding the tubers a t  3 C and 75% relat ive humidity for 
eight wxks  allawed safe  dehydratim of the tubers and the greatest reducticn in 
‘IRS cmtent. Freezing the tubers caused a smll increase in M content, but the 
least rechctim in TRS of those storage treammts imposed. 

q e d  from 13.2 t o  27.7 percent when harvested late i n  the season (Table 5). 
Fructose: glucose ratios a lso differed, but no re la t imship  existed between high 
TR.5 yields and high FIG rat ios .  In another study t o  determine composition of the 
carbohykated-extracted pulp, significant var iabi l i ty  w a s  identified f o r  IDF, AiY, 
acid-detergent 1.ig-h and e i t !  -act (Table 6). Keither protein zor digestible 
w g y  varied greatly; however, the levels fmid indicates that the pulp bas good 

Considerable variation in dry  matter yield and forage canposition exists 
High forage yielding lines generally w e r e  those which 

Rather, cp.I content 
A l l  accessicms were harvested h e n  flowering began so the vari- 

Based on 

Total reducing sugar (TRS) content and fructose: glucose (F/G) ra t ios  were 

The native Manitoba accession had 

‘the variabi l i ty  in carbohydrate content among several selected accessions 
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feeding value. Amino acid analysis revealed that lysine and methionine contents in  
the p d p  are high (Table 7). 

It is evident that considerable var iabi l i ty  i n  yield and carbohydrate content 
exis ts  within the species although accessions high in carbohydrate often prodme 
low yields. A SrrdLl breeding ef for t  shmed interesting results. As sumrarized 
in table 8 ,  high TRS lines crossed w i t h  intermediate carbohydrate-high yielding 
branching and non-branching lines (standards) produced significant rmses in per- 
cent TRS, fructose and protein. 
when plant ut i l izat ion is determined and plant breedjng objectives are established. 

Production requirerents 

a year whm temperatures were belcw n o m l  and precipitation above n o m l .  
tubers contain a p p r h t e l y  87.5 percent water, yield is highly dependent on s o i l  
water potential throughout the growing season and particularly durinp tuberization. 
Production requirerents f o r  Jerusalem a r t i c h k  are similar t o  potatoes. 
a l ly ,  the requirerents are: 

Protein qudlity is considered t o  be very good. 

'Ibis suggests that rapid progress could be mde 

Ihe highest Jerusalem artichoke yields of 75 tonnes/ha (34 T/ac) occurred in 
Since 

Gener- 

- soi ls ;  sandy-loam, sandy clay loam 

- fe r t i l i zers  (&/ha) ; N-90, P205 - 56, K20-50 

(or according t o  r e g i d  potato recamwdations) 

- weed control; inter-rcw cultivation 

- fungicide; (possibly) 

- pesticides; (none required t o  date) 

Estimated energy requirements for  prcducinp the crop are derived using data 
The data are presented i n  terns of energy re- by Southwell and Rothwell (1978). 

source depletim (ERD). 
resomces consumd in producing the crop (Table 9).  
values of fuel used (converted frm BTU's) tims the supply system efficiency 
factor (i.e., the actual plus energy absorbed in the supply system as losses or 
expendimres). 

S t a t i n g  Jerusalem artichoke forage and tuber yields in term of alcohol 
production, each respective component Tydd yield 4580 and 2880 l/ha (Table 1:). 
The energy cutput of each is 1181 X 10 k c a l h  fran the tubers and 1176 X 10 
kcal/ha from the forage component. 

Distinction i s  made between f o s s i l  fuel and to ta l  energy 
ERD is  based on colorific 
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FIGURE 1 -- Flowering pattern and growth rates  of 
tubers and plant  tops sampled a t  weekly 
i n t e r v a l s  beginning a t  the bud stage. 
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Table 1. h g e  in composition and content of Jerusalem artichoke forage 
sampled at weekly intervals fo l lming  the flower bud stage of 
developrmt 

Plant Fraction Sanp1i.n~ Period (Ideeics) 
1" 2 3 4 5 6 7 8 9 10 11 12 

Protein (% 18.0 17.0 l5.0 14.3 U.5 12.5 9.7 9.7 7.9 6.2 

m (X W) 35.3 31.8 33.9 31.1 32.1 35.5 35.4 40.9 45.6 46.6 

Lignin (Z m) 6.21 6.0 7.2 6.1 6.3 6.9 6.7 7.8 9.4 8.9 

Cellulose (% 23.0 23.2 22.3 22.3 23.6 23.9 24.2 - - 
Ash (% W) 2.1 2.0 2.2 2.3 2.3 2.4 2.3 - - 

a Bud stage 

Table 2. Forage wntent of crude protein (e), acid-detergent fiber (ADF) 
lignin (Lig) content of selected Jerusalem artichoke accessions 
sampled a t  earLv 9-m-5 or p r i m  to  f rost .  

Accession DM DM 
Yield Cm-tmt C P  ADF Lig 

(t /ha) (%) % of Total DM --------- 

NC LO- 5 9.81 32 11.96 52.21 11.40 
8 31.78 28 13.85 45.76 8.48 

13 14.67 38 15.95 42.16 12.77 
18 7.26 40 11.92 44.14 7.69 
44 22.97 22 9.54 34.37 7.10 
50 2.30 23 17.28 25.21 3.78 
60 26.04 31 13.21 40.25 7.21 

-------- 

9 8.35 35 10.72 50.69 12.02 
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Table 3. The e f f e c t  of harvest dates on the content and composition of 
reducing sugars in f resh  tubers  of two strains of Jerusalan 
artichoke. 

Harvest Reducing sugar Fructose Glucose FIG 
Stra in  da te  z % 9. rac io  

Manitoba Sept.  28 
O c t .  12 

20 
26 

Nov. 2 
14 
23 

21.5 
23.3 
21.8 
19.9 
22.7 
18.5 
16.5 

MEAN 

Russian Sept. 28 
O c t .  12 

20 
26 

Nov. 2 
14 
23 

MEAN 

20.6 

14.5 
18.7 
16.8 
16.2 
19.9 
13.8 
18.4 

16.9 
- 

87.6 
80.9 
81.8 
78.7 
74.3 
78.9 
76.0 

79.7 
- 

82.4 
78.7 
76.8 
74.9 
74.1 
79.2 
71.8 

76.8 
- 

9.1 
12.5 
12.0 
13.2 
16.1 
12.6 
13.6 

9.6 
6.5 
6.8 
6.0 
4.6 
6.3 
5.6 

12.7 

11.2 
12.9 
14.4 
14.8 
14.6 
11.8 
14.9 

13.5 
- 

6.5 

7.4 
6.1 
5.3 
5.1 
5.1 
6.7 
4.8 

5.8 
- 
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Table 4 .  Dry matter and total reducing sugar (TRS) content in Jerusalem 
artichoke tubers stored a t  different t-eratures and relative 
humidity levels. 

Storqe Time ami Conditicnls 
0 weeks  8 Weeks 

3OCI954RH 3OCI 75%RH - 4 0 ~ ~ / . ~ i e n t  RH 

Dry  Matter (%) 25.8 25.5 28.2 26.5 

TRS (4: of DM) 78.4 66.7 62.9 72.5 

Table 5. Cantent and camposition of reducing sugars  in fresh tubers of 
six strains of Jerusalan artichoke harvested on October 23, 
1972. 

Strain Reducing sugar Fructose Glucose FIG 
% 4: % ratio 

27.7 75.3 14.9 5.1 

20.7 74.7 l5.1 4.9 

17.1 78.2 13.4 5.8 

18.6 71.0 16.1 4.4 

17.3 75.2 16.0 4.7 

L3.2 80.6 12.3 6.6 
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Accessim Digestible 
==gY 

M&lFg (W 

brden 15 3.509 26.9 47.8 34.4 1.43 3.9 

Perron 3.551 26.7 45.1 42.8 2.62 2.9 

Branching 3.603 25.6 47.6 38.1 0.92 3.3 

Non-Branching 3.563 25.4 50.4 38.1 0.60 3.2 

'fable 7 .  Amino acid analysis of inulin-extracted h i a l e n  aztichok pulp. 

Amino Content 
Acid (al1OOg 

Sample N) 

Lys . 48.98 

His. 13. oa 

NH3 12.67 

Arg. 31.70 

Asp. 59.52 

Thr 33.36 

kisture 

A 2 0  Content 

Sauple N) 
Acid fg/lOOg 

Ser . 30.42 

Glut. 71.43 

pro. 21. a3 

GlY 32.01 

A l a  35.44 

V i 1  38.31 

5.9% 

Protein (D.B., N X 5.7) 16.16% 

Recovery. 86.9% 

Meth. 11.79 

I so 30.80 

LeU 46.45 

Tyr. 22.37 

Phe 28.63 



Table 8. %ri&ility in  percent total  reducing s q a r  ('IT!), fructose (F) and 
protein amme Jerusalem atichoke dvmced selection ar,d new crosses 
compared to standar+ branchiii and non-branckk~ types. 

No. of or RarWe (%) 
Comparisons TRS F Prot . 

A&. selections 21 17.4-22.4 68.0-80.4 23.1-27.0 

New crosses 41 10.66-22.8 65.9-80.1 21.0-30.3 

Branching (standard) 21.2 75.3 25.6 

Nm-branching (standard) 20.3 75.5 25.4 

201 



Table 9. Energy requi rments  in term of energy resource depletion 
(EPD) of fossil fuel (FF) and t o t a l  (T) t o  produce 1 
hectare  of Jerusalan art ichoke* 

Energy inputslha 

(Xllivatim 

P l a n t i n g  
Fer t i l i zer*  

Inter-row cu l t iva t ion  ( 2 )  
Fungicide 

Sprout i r h i b i t i m  
Harvesting - tops * 

Ibul ing  t o  storage 
Total  

- tubers 

8 1  
171  

2327 
145 
184 
148 
311 
767 
878 

5012 

83 
174 

2402 
146 
193 
160 
317 
780 
878 

5u3 

* Potato production energy requiranents by category according t o  

Southwell, P. H. and T. M. Rothwell. 
* F e r t i l i z e r  rates &/ha) in Manitoba: N - 90; P2)5 - 5 6 ;  3) - 50. 
* Assumes values similar to corn s i lage.  
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Table 10. Theoretical  yields of e thyl  alcohol from several  crops 
(-Manitoba y i e l d  basis) 

Crop 
Plan t  

P a r t  

Yield !YXH 
Fresh w t .  Carbohydrate l/ha 

------- -- k,/ha _-_-----_ 

J. artichoke Tuber 42000 7088 4580 

Sugar beet Root 33600 4930 3185 

Corn Grain 6700 4150 2680 

wheat Grain 3360 2240 1447 
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Carbon and Light Limi ta t ion  i n  Mass Algal  Cul ture  

D .  E .  Brune 

Department of  A g r i c u l t u r a l  Engineering 
Univers i ty  of C a l i f o r n i a ,  Davis 95616 

INTRODUCTION 

A v a r i e t y  o f  p o t e n t i a l  a p p l i c a t i o n s  f o r  mass a l g a l  c u l t u r e  a r e  o f t e n  proposed. 
suggested uses  f o r  a l g a l  biomass inc lude  use as fe r t i l i zers ,  raw m a t e r i a l  f o r  ex- 
t r a c t e d  commercial chemicals, animal o r  human p r o t e i n  supplements e i t h e r  d i r e c t l y ,  o r  
i n d i r e c t l y  through incorpora t ion  i n t o  aquacul ture  systems, a s  wel l  a s  energy v i a  con- 
v e r s i o n  t o  methane gas  (1) .  In  s p i t e  of  t h e  apparent  p o t e n t i a l  usefu lness  of a l g a l  
biomass and years  of research  centered  around understanding a l g a l  growth i n  both lab-  
o r a t o r y  and f i e l d  c u l t u r e ,  mass a l g a l  c u l t u r e  has  not ye t  been commercially r e a l i z e d  
t o  any l a r g e  ex ten t .  

The primary reason f o r  t h i s  lack of success  l i es  i n  t h e  complexity of t h e  process  of 
l a r g e  s c a l e  a l g a l  c u l t u r e .  Attempts a t  modelling t h e  spec ies '  s p e c i f i c  responses of 
a l g a l  c u l t u r e  has been at tempted with varying degrees  of  success  ( 2 - 6 ) .  The cont in-  
ued development o f  such models w i l l  l i k e l y  be t h e  only successfu l  means of answering 
t h e  many ques t ions  concerning optimum des ign  and opera t ion  of f u t u r e  a lgae  c u l t u r e .  

Most mathematical models descr ib ing  a l g a l  growth revolve around t h r e e  c e n t r a l  sub- 
models. These sub-models a t tempt  t o  d e f i n e  t h e  growth of a p a r t i c u l a r  a l g a  a s  a func- 
t i o n  of the important environment parameters ;  n u t r i e n t  concent ra t ion ,  l i g h t  l e v e l s  and 
temperature. 
as a func t ion  of  t h e s e  t h r e e  f a c t o r s .  
many p o s s i b l e  l i m i t i n g  n u t r i e n t s ,  mul t i tudes  of  p o s s i b l e  dominating a l g a l  spec ies ,  com- 
bined w i t h  i n t e r a c t i o n  between t h e  t h r e e  c e n t r a l  v a r i a b l e s ,  t h e  r e s u l t a n t  models be- 
come extremely d e t a i l e d  and complex. 
c u l t u r e ,  it i s  of ten  t h e  case  t h a t  two f a c t o r s ,  i n  p a r t i c u l a r ,  become most important 
i n  c o n t r o l l i n g  product ion.  
concent ra t ion  t o  meet a l g a l  carbon uptake r a t e s  and t h e  a v a i l a b i l i t y  of s u f f i c i e n t  
l i g h t  i n t e n s i t y  t o  supply t h e  energy needs of t h e  growing c u l t u r e ,  a r e  o f t e n  suggest-  
ed a s  c o n t r o l l i n g  net  c e l l  p r o d u c t i v i t i e s  (1 ,7 ,11) .  

For t h e s e  reasons,  a t t e n t i o n  has  been d i r e c t e d  a t  understanding more f u l l y  t h e  s i t u a -  
t i o n  of  l i g h t  and inorganic  carbon l i m i t a t i o n  of a l g a l  growth. I t  i s  t h e  purpose of 
t h i s  d i scuss ion  t o  examine t h e  n a t u r e  of  t h e  carbon l i m i t e d  response of  a lgae  and t o  
combine a q u a n t i t a t i v e  model of t h i s  behavior  wi th  models descr ib ing  t h e  carbonate  
equi l ibr ium chemistry and flow-through a l g a l  c u l t u r e .  These r e l a t i o n s h i p s  w i l l  be 
examined under both non- l igh t  and l i g h t  l i m i t i n g  condi t ions .  

The 

These models a t tempt  t o  s imula te  t h e  response of a l g a l  c e l l  product ion 
Although s i m p l e  i n  concept ,  because of t h e  

However, i n  t h e  s i t u a t i o n  of high dens i ty  a lgae  

The supply o f  inorganic  carbon a t  a s u f f i c i e n t  r a t e  and 

PREDICTING THE RESPONSE OF A CARBON LIMITED CONTINUOUS ALGAL CULTURE 

I .  Algal  Response t o  C 0 z f  

Over t h e  years  cons iderable  controversy h a s  developed over  t h e  i n t e r p r e t a t i o n s  of 
d a t a  concerning t h e  uptake of  t h e  v a r i o u s  forms of  inorganic  carbon by u n i c e l l u l a r  
a lgae  (4,7,8,9,10,12) .  Early i n v e s t i g a t o r s  f e l t  t h a t  most a lgae  were capable  of us-  
ing  e i t h e r  d i sso lved  carbon d ioxide  (COz ) o r  bicarbonate  (HCq) a s  a carbon source.  f 
The b a s i s  f o r  t h e  b e l i e f  i n  HCOF uptake was centered on observa t ions  of  a l g a l  c u l t u r e  
growth t o  pH va lues  a s  h igh  as 11.0.  

enzyme Ribulose diphosphate  carboxydismutase y ie lded  va lues  as  h igh  as 
l i t e r ,  i t  was f e l t  t h a t  t h e  C02 concent ra t ions  i n  high pH c u l t u r e s  

S ince  i n  v i t r o  s t u d i e s  on t h e  Ksco2 of  t h e  -- 
moles/ 

- l o -*  m/l) 
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was Simply too  low t o  supply t o  carbon needs of  t h e  growing c u l t u r e  (9). 

I Goldman (12) on t h e  o t h e r  hand suggested t h a t  t h e  in te rconvers ion  o f  one carbon form 
t o  another  was much more rap id  than was t h e  carbon uptake rate of a growing a l g a l  cul-  
t u r e .  
b e s t  be represented as a Monod model of t h e  s p e c i f i c  growth r a t e  v s .  t h e  t o t a l  carbon 
concentrat ion (CT). 
e f f e c t s  of  c u l t u r e  pH. 

Recent work by Brune (15) has ,  however, l e d  t o  t h e  continued development of yet  anoth- 
e r  model f i rs t  proposed by King ( 7 ) .  
experiments i n  which t h e  ba tch  growth of labora tory  c u l t u r e s  of  var ious  f reshwater  a l -  
gae were s tud ied .  
1-5. 
carbon l imi ted  growth response could bes t  be modelled as a Monod f i t  of II v s .  COzf 
(Figure 1 ) .  
yielded p l o t s  a t y p i c a l  of what i s  considered normal microbia l  response t o  l i m i t i n g  
n u t r i e n t  l e v e l s .  

I n  an attempt t o  quant i fy  any e f f e c t s  from varying c u l t u r e  pH on t h i s  r e l a t i o n s h i p ,  
severa l  c u l t u r e s  were grown i n  which the  i n i t i a l  c u l t u r e  a l k a l i n i t y  was var ied .  The 
ne t  r e s u l t  of t h i s  modi f ica t ion  was t h e  observa t ion  of p a t  similar COzf  concentra-  

t i o n s  but a t  d i f f e r i n g  pH va lues .  
e f f e c t ,  which was f i r s t  i n t e r p r e t e d  a s  a suppression of growth r a t e  by increased cu l -  
t u r e  pH. 
On t h e  o t h e r  hand, a s t rong  c o r r e l a t i o n  was discovered between t h e  Ksco2 of the  a l g a l  
response and t h e  i o n i c  s t r e n g t h  of t h e  growth medium. 
t h i s  e f f e c t  could be reproduced independent ly  of pH by i n c r e a s i n g  t h e  i o n i c  s t rength  
of t h e  growth medium with addi t ions  of NaCl (Figure 5 ) .  

Thus, t o  da te ,  t h e  s imples t  model capable of s imula t ing  t h e  carbon l imi ted  a l g a l  re -  
sponse over  t h e  widest  p o s s i b l e  combinations of  environmental condi t ions  appears t o  
be a Monod f i t  of p vs. COzf  modified by i n c r e a s i n g  Ksco2 with increas ing  c u l t u r e  
i o n i c  s t rength .  
pears  t o  have l i t t l e ,  i f  any, e f f e c t  on t h i s  r e l a t i o n s h i p .  

The importance of  t h i s  model i s  r e a l i z e d  when t h i s  b i o l o g i c a l  response i s  combined 
wi th  equat ions descr ib ing  t h e  carbonate equi l ibr ium chemistry t o  produce a powerful 
p r e d i c t i v e  model of a l g a l  c u l t u r e  behavior .  

11. Combininz t h e  Bio logica l ,  Physical  and Chemical Responses 

Given t h a t  t h e  s p e c i f i c  growth r a t e  ( p )  of a carbon l i m i t e d  a l g a l  c u l t u r e  can be de- 
f i n e d  as :  

This led  him t o  conclude t h a t  carbon l i m i t e d  response of an a l g a l  c u l t u r e  may 

He f u r t h e r  suggests  t h a t  t h i s  r e l a t i o n s h i p  must be modified by 

The b a s i s  f o r  t h i s  model e x i s t s  i n  an a r r a y  of 

of these  c u l t u r e s  is i l l u s t r a t e d  i n  Figures  The t y p i c a l  behavior  
I t  was found t h a t  f o r  t h e s e  c u l t u r e s  growing over a wide range of pH (7-11) t h e  

In c o n t r a s t  t o  t h i s ,  f i t s  of  p t o  HCO; (Figure 2) or  p t o  CT (Figure 3) 

A sample of t h e  d a t a  (Figure 4)  did  i n d i c a t e  an 

However, a t tempts  t o  relate p t o  pH d i d  n o t  prove p a r t i c u l a r l y  successfu l .  

I t  was l a t e r  discovered t h a t  

For t h e  a lgae  examined t h u s  f a r ,  c u l t u r e  pH over  a wide range ap- 

I n  addi t ion  i n  a continuous flow a l g a l  c u l t u r e ,  an a l g a l  cel l  mass balance g ives  (12) ;  

- :t = DX1 - DX2 + pX2 - K X 
d 2  

A t  s teady s t a t e  (dx/dt = 0) and i n  t h e  case  of a r a p i d l y  growing c u l t u r e  with t h e  
decay r a t e  (Kd) taken as zero,  and with t h e  i n f l u e n t  c e l l  concent ra t ion  (XI) a l s o  zero, 
t h i s  equat ion reduces t o :  

= D = i / e  3) 
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Therefore ,  t h e  above r e l a t i o n s h i p  sugges ts  t h a t  once t h e  d i l u t i o n  r a t e  (D) of  a con- 
t inuous  a l g a l  c u l t u r e  is f i x e d  and s t e a d y  s ta te  i s  achieved,  the  s p e c i f i c  growth r a t e  
i s  also f ixed .  The COzf concent ra t ion  of t h e  e f f l u e n t  can then be obtained from the  
combination o f  equat ions 1 and 3 ;  

KSC02 

'max 
[CO 1 = 

- -  
D 1  

4) 

If t h e  buf fer ing  caFac i ty  of t h e  c u l t u r e  media i s  dominated by the  C02-carbonate-bi- 
carbonate  system and i f  t h e  i n f l u e n t  pH and t o t a l  t i t r a t a b l e  a l k a l i n i t y  a r e  known, 
then t h e  c e l l  concentrat ion and pH of  t h e  e f f l u e n t  can be obtained by combining equa- 
t i o n  4 with t h e  carbonate  equi l ibr ium equat ions given by Stumm; 

- c  a l g a l  
biomass = 'A = 'T1 T2 

- [AlK] + [H+] - [OH-] 
a . +  2a where: cT1 1 2  

The C concentrat ion ( e f f l u e n t )  i s  determined by p max, D and KSCO and i s  given by: 
T2 2 

Since  a l k a l i n i t y  i s  unaf fec ted  by a l g a l  growth (except f o r  minor modif icat ion;  see  
Brewer 14) and i s  known, and s i n c e  [C02l2 i sde te rmined  by D, umax and Ks,-02 and a r e  
a l s o  known, t h e  e f f l u e n t  c u l t u r e  pH can be obtained.  
a 4 t h  order  equat ion and given by Ricc i  (17) .  The predic ted  c u l t u r e  pH f o r  a hypo- 
t h e t i c a l  a lgae (a composite of pooled d a t a )  with a pmax of  0.10 h r - l  and K s ~ o ~ r a n g i n g  
from 0.17 x 10-6 m / l  t o  8.1 x 10-6 m / l  (depending on i o n i c  s t r e n g t h )  is given i n  Figure 7. 

A s  can be seen, t h e  tendency toward h i g h e r  c u l t u r e  pH as a r e s u l t  of increas ing  alka-  
l i n i t y  i s  eventua l ly  overpowered by t h e  decreas ing  a b i l i t y  of the  a lgae  t o  e x t r a c t  C02 
t o  low l e v e l s  a t  t h e  increased  i o n i c  s t r e n g t h  due t o  h igher  a l k a l i n i t y  l e v e l s .  
n e t  r e s u l t ;  a t  high a l k a l i n i t y ,  cont inuous c u l t u r e s  w i l l  s t a b i l i z e  a t  lower pH values  
a t  a given de ten t ion  time. Support f o r  t h e  t h e o r e t i c a l  model has been obtained i n  t h e  
form of d a t a  from a c t u a l  cont inuous c u l t u r e s  of  t h e  a l g a  Scenedesmus quadricauda. As 
can be seen (Figure 6) t h e  form of  t h e  curve i s  as predic ted .  

The important impl ica t ions  o f  t h i s  model a r e  summarized i n  Figures  8 and 9. 
pH i s  allowed t o  d r i f t  without  c o n t r o l ,  a l a r g e  percentage o f  t o t a l  carbon i n  t h e  in-  
f l u e n t  medium w i l l  no t  be u t i l i z e d .  
(Figure 8) t h e  carbon u t i l i z a t i o n  w i l l  range from only 10 t o  30% depending on c u l t u r e  
a l k a l i n i t y .  
( a s  NaHC03) w i l l  not  provide f o r  e f f i c i e n t  u t i l i z a t i o n  of inorganic  carbon. 
through acid addi t ion  would markedly improve tlre s i t u a t i o n ;  however, t h e  c o s t s  of con- 
t inuous  acid addi t ion  combined with dangers  of i n s t a b i l i t y  produced by des t roying  the  

The so lu t ion  is i n  t h e  form of 

The 

If c u l t u r e  

A t  t h e  d e t e n t i o n  time giving optimum production 

Therefore ,  a t tempts  t o  i n c r e a s e  carbon supply by a l k a l i n i t y  addi t ion  alone 
PH cont ro l  
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c u l t u r e  bu f fe r ing  capac i ty  do not  favor  t h i s  technique.  

Apparently t h e  only e f f e c t i v e  means of maintaining carbon supply through pH control  
w i l l  be  through C02 add i t ion .  
t i o n  a very energy in t ens ive  means of C02 t r a n s f e r .  
been u t i l i z e d  f o r  years  i n  sewage t reatment  lagoons i s  t h e  supply of  C02 from bacter-  
i a l  degradat ion of  waste organics .  
case;  t h e  p r i c e  being t h e  loss  of a l g a l  p r o d u c t i v i t y  by shading of l i g h t  from the add- 
ed b a c t e r i a l  biomass. 

Unfortunately,  t h e  low C02 content  of  a i r  makes aera-  
An a l t e r n a t i v e  method which has 

However, nothing comes f r e e  and so  i t  is  i n  t h i s  

LIGHT LIMITED ALGAL CULTURE 

Once t h e  carbon l i m i t a t i o n  of t h e  a l g a l  c u l t u r e  i s  removed, t h e  c u l t u r e  w i l l  respond 
by inc reas ing  c e l l  dens i ty  u n t i l  another  f a c t o r  f i n a l l y  l i m i t s  c e l l  product ion.  In  
many cases  t h i s  f a c t o r  w i l l  be t h e  a v a i l a b i l i t y  of l i g h t .  Pipes ( 1 8 )  demonstrated 
t h a t  n e t  a l g a l  c e l l  production i n  a l i g h t  l imi t ed  c u l t u r e  i s  independent of  cu l tu re  
de t en t ion  t ime. Thus t h e  a l g a l  c e l l  d e n s i t y  (X)  is a l i n e a r  funct ion of detent ion 
time ( e ) ;  

Smith (19) showed t h a t  t h e  ove ra l l  p roduc t iv i ty  (P) could be r e l a t e d  t o  t h e  biologi-  
c a l  response of t h e  a lga  t o  l imi t ing  l i g h t  and t h e  i n c i p i e n t  l i g h t  l e v e l s  by t h e  equa- 
t ion ;  

Using t h e  in t eg ra t ed  form of t h i s  equat ion given by Groden (20),  with va lues  of t h e  
e x t i n c t i o n  c o e f f i c i e n t  of a l g a l  biomass from Lehman (3)  ( E  = 1 . 2  x 10-7 l /cel l -m) 
t h e  response of t h e  c e l l  dens i ty  of a shal low l i g h t  l imi t ed  c u l t u r e  of an a lga  with 
Pmax = 0.10 hr-1, I o =  5000 f c ,  t o  i nc reas ing  de ten t ion  t ime is given i n  Figure 10 
(computer generated so lu t ions  t o  equation IO). 
responses l i n e a r l y  t o  hydrau l i c  de t en t ion  t ime a s  p red ic t ed  by t h e  e a r l i e r  equation 
from Pipes.  The idea l  behavior i l l u s t r a t e d  i n  t h i s  f i g u r e  w i l l  be modified by many 
f a c t o r s ;  of  prime importance w i l l  be t h e  add i t iona l  l i g h t  shading by t h e  added bac- 
t e r i a l  biomass and t h e  e f f e c t s  of b a c t e r i a l  CO 
present  may be p red ic t ed  from equat ions desc r i2 ing  t h e  decay o f  i n f l u e n t  BOD; 

A s  seen in t h i s  f i g u r e ,  c e l l  d e n s i t y  

product ion.  The b a c t e r i a l  biomass 

where BOD E = BODI 11) 

The b a c t e r i a  biomass may be p red ic t ed  from equat ions given by Lawrence and McCarty 
( 1 6 )  ; 

(BODI - BODE) 
x = Y  B B i + ~ ~ e  

and t h e  r a t e  of  supply of C 0 2  from t h e  b a c t e r i a l  decomposition of t h e  incoming BOD: 

Using these  equat ions Figure 10 i s  modified t o  account f o r  added b a c t e r i a l  biomass 
and CO production and t h e  r e s u l t a n t  modif icat ions a r e  presented i n  Figures 1 2  and 2 
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13. 
Y = 0.55, decay rate b = 0.55, C1 = 0.018 mi l l i -moles  COg/mg BOD oxidized and a co- 
e f f i c i e n t  of e x t i n c t i o n  of l i g h t  from t h e  b a c t e r i a l  biomass t h e  same as f o r  t h e  a l g a l  
biomass, t h e  e f f e c t s  of t h e  added b a c t e r i a l  biomass a r e  i l l u s t r a t e d  i n  Figure 1;. 
Perhaps t h e  most important r e s u l t  of t h i s  e f f e c t  can be seen as t h e  requirement f o r  
longer  and longer d e t e n t i o n  time a t  i n c r e a s i n g  depth  t o  achieve a s t a b l e  a l g a l  c e l l  
popula t ion .  
of lowered average l i g h t  l e v e l s  p e r  u n i t  o f  a l g a l  biomass. 

The f i n a l  upper l i m i t  on c e l l  biomass w i l l  aga in  come through carbon l i m i t a t i o n  and 
t h i s  added e f f e c t  i s  combined with t h e  shading e f f e c t  t o  produce Figures  11 and 13 .  
These f i g u r e s  i l l u s t r a t e  t h e s e  combined e f f e c t s  on c u l t u r e  pH and a l g a l  cel l  biomass. 
When b a c t e r i a l  CO2 product ion exceeds a l g a l  CO2 f i x a t i o n  the  e f f e c t  w i l l  be t o  d r i v e  
t h e  pH below t h e  atmospheric equi l ibr ium pH. 
w i l l  depend on t h e  rate at which Cog t r a n s p o r t s  across  t h e  water sur face  and e x i t s  
from t h e  c u l t u r e .  

Assuming a s t rong  waste i n f l u e n t  with a BOD of  500 mg/l, a y i e l d  c o e f f i c i e n t  

This e f f e c t  i s  due s o l e l y  t o  t h e  s lower a l g a l  growth r a t e  as a r e s u l t  

The lowest leve l  t h a t  pH w i l l  f a l l  t o  

A t  a s teady  s t a t e  pH; 

net 
CO2 

d C 0 2  

d t  
- -  

- product ion = KLa (c02s - “2) 

On t h e  o t h e r  hand, if  a l g a l  CO2 uptake exceeds b a c t e r i a l  CO2 product ion,  t h e  c u l t u r e  
pH w i l l  rise according t o  the  carbonate  equi l ibr ium chemistry and carbon uptake be- 
havior  of  t h e  a lgae  as d e t a i l e d  i n  equat ion  8.  Unfortunately,  because of low atmos- 
pher ic  CO2 l e v e l s ,  CO2 input  (unless  aggress ive ly  suppl ied)  from s u r f a c e  t r a n s p o r t  
w i l l  n o t  usua l ly  c r e a t e  a s i g n i f i c a n t  pH s t a b i l i z i n g  e f f e c t  as w i l l  C02 t r a n s p o r t  out  
of t h e  so lu t ion .  The t o t a l  a l g a l  cel l  biomass w i l l  respond by increas ing  i n  d e n s i t y  
with increas ing  d e t e n t i o n  time u n t i l ,  as a r e s u l t  o f  t h e  pH r i s e ,  t h e  CO2f concentra-  
t i o n  aga in  l i m i t s  c e l l  product ion.  The e f f e c t  o f  e i t h e r  increas ing  c u l t u r e  depth or 
increased  i n f l u e n t  BOD l e v e l s  w i l l  both d e l a y  t h e  onse t  of  carbon l i m i t a t i o n  and i n -  
c rease  t h e  de ten t ion  time f o r  a s t a b l e  a l g a l  biomass populat ion.  

LIGHT AND C 0 2  MODELS AS A PREDICTIVE TOOL 

The model presented h e r e  cons iders  on ly  t h e  case  of  carbon and l i g h t  l imi ted  growth 
of a l g a l  c u l t u r e .  I t  is ,  o f  course ,  an over -s impl i f ica t ion  of complex a lga l -bac ter -  
i a l  cu l ture ;  r a t h e r , t h i s  model i s  viewed a s  a s t a r t i n g  poin t  f o r  a more comprehensive 
model which w i l l  be developed t o  inc lude  t h e  important modif iers  of  t h e  r e l a t i o n s h i p s  
presented  h e r e .  O f  p a r t i c u l a r  importance w i l l  be a d d i t i o n s  t o  t h e  chemical model t o  
account f o r  var ious  non-carbonate b u f f e r s  such a s  ammonia, phosphates ,  bora tes ,  etc. 
F i e l d  determinat ion o f  t h e  many empir ica l  cons tan ts  must be made, as well as an as-  
sessment o f  t h e  v a l i d i t y  o f  applying t h e  labora tory  der ived k i n e t i c  d a t a  t o  f i e l d  
s i t u a t i o n s .  

Although t h e  model may be s i m p l i s t i c  i n  n a t u r e ,  t h e  power of a s imple carbon and 
l i g h t  l i m i t a t i o n  model i n  p r e d i c t i n g ,  i n  genera l ,  responses  of f i e l d  a l g a l  c u l t u r e  
should not be dismissed.  Observat ions of a l g a l  c e l l  product ion from a r e c e n t  p i l o t  
s tudy  (21) i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  behavior  d e s c r i b e s  reasonably wel l  the  a c t u a l  
c u l t u r e  responses  (Figure 1 4 ) .  Although complicated by changing i n f l u e n t  BOD load-  
i n g  r a t e s  used i n  t h i s  s tudy,  t h e  observa t ions  of c e l l  d e n s i t y  compare wel l  with p r e -  
d i c t e d  l i g h t  and carbon l i m i t e d  va lues .  The c u l t u r e  pH, which was observed t o  rise 
t o  10 i n  shal low c u l t u r e s ,  and l e v e l  off  a t  8 .0-9.0 i n  deeper  c u l t u r e s ,  while  drop- 
p i n g t o 7 . 6  i n  t h e  b a c t e r i a l  c u l t u r e s ,  behaves as predic ted  by t h e  C0zf l i m i t a t i o n  
model. A simple y e t  of ten  unapprec ia ted  c o r o l l a r y  of t h e  carbon model suggests  
t h a t  whenever c u l t u r e  pH r i s e s  above t h e  atmospheric equi l ibr ium va lue ,  ex terna l  c a r -  
bon is not being suppl ied a t  a ra te  f a s t  enough t o  meet t h e  a l g a l  carbon f i x a t i o n r a t e ,  
thus the  c u l t u r e  o b t a i n s  t h e  needed carbon by e x t r a c t i n g  it from t h e  carbonate  system. 
Unless t h i s  s i t u a t i o n  i s  c a r e f u l l y  cont ro l led ,  t h e  pH may s t a b i l i z e  a t  va lues  which 
y i e l d  C0zf concent ra t ions  t h a t  w i l l  l i m i t  a l g a l  grow rates. 
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An attempt has  been made t o  q u a n t i t a t i v e l y  show t h e  importance of COff  concent ra t ion  
i n  c o n t r o l l i n g  a l g a l  c e l l  product ion.  

j through c a r e f u l  s e c t i o n  of  de ten t ion  time, i n f l u e n t  BOD, and depth of a combined a l -  
g a l - b a c t e r i a l  c u l t u r e .  

Even though b a c t e r i a l  decomposition of  organics  t o  C02, followed by C 0 2  f i x a t i o n  by 
algae,  does not  represent  a n e t  organic  carbon f i x a t i o n ,  it can be used t o  obta in  a 
ne t  energy f i x a t i o n .  This  may be p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  s i t u a t i o n  i n  which 
a l g a l  biomass i s  converted t o  methane gas v i a  anaerobic  d i g e s t i o n .  
from gas combustion and t h e  low energy s h o r t  chain organics  i n  t h e  d i g e s t e r  e f f l u e n t  
represent  a recyc lab le  carbon supply t o  be re turned  t o  t h e  a l g a l  ponds. 
ua t ion  t h e  importance of  proper  balancing of  a l g a l  C02 uptake a g a i n s t  b a c t e r i a l  C02 
production cannot be over-emphasized. An imbalance i n  e i t h e r  d i r e c t i o n  w i l l  r e s u l t  
i n  a l o s s  of e f f i c i e n c y  i n  carbon u t i l i z a t i o n .  
e t e r s  w i l l  l i k e l y  come through continued development and refinement of models such as 
presented here .  

One promising method of  CO2f - pH cont ro l  i s  

The r e s u l t i n g  C 0 2  

I n  t h i s  s i t -  

Proper s e l e c t i o n  of  t h e  c o n t r o l  param- 

SUMMARY 

T h e c a r b o n l i m i t e d k i n e t i c r e s p o n s e s o f v a r i o u s  f a s t  growin g a l g a l  spec ieshavebeen  sum- 
marized. 
c u l t u r e  may b e s t  be represented  as a Monod f i t  t h e  s p e c i f i c  growth r a t e  ( p )  t o  t h e  
f r e e  carbon d ioxide  concent ra t ion  (C0zf). 
importance appear t o  be l i g h t  l e v e l s ,  temperature  and t h e  i o n i c  s t r e n g t h  of  t h e  growth 
media. 

The var ious mathematical models descr ib ing  t h e  a l g a l  b i o l o g i c a l  response t o  l i m i t i n g  
COzf concentrat ion,  t h e  carbonate  equi l ibr ium chemistry and t h e  phys ica l  configura-  
t i o n  of a flow-through microbia l  c u l t u r e  a r e  combined t o  y i e l d  equat ions which pre-  
d i c t  t h e  pH, t o t a l  carbon concent ra t ion  (CT) and a l g a l  c e l l  concent ra t ion  of  a con- 
t inuous a l g a l  c u l t u r e ,  given a pmax and Ksco2 f o r  the  a l g a  of  i n t e r e s t .  This  model 
i s  f u r t h e r  used t o  i l l u s t r a t e  t h e  u n d e r - u t i l i z a t i o n  of  inorganic  carbon i n  mass a l g a l  
c u l t u r e s  i n  which t h e  pH i s  uncont ro l led .  

One method of pH cont ro l  i n  such c u l t u r e s  involves  t h e  u t i l i z a t i o n  of CO2 supply from 
b a c t e r i a l  degradat ion of waste organics  i n  t h e  i n f l u e n t  c u l t u r e  medium. I n  such a 
s i t u a t i o n  both t h e  c u l t u r e  pH and a l g a l  c e l l  product ion w i l l  o f t e n  be governed by 
e i t h e r  carbon o r  l i g h t  l i m i t a t i o n  depending pr imar i ly  on t h e  i n f l u e n t  BOD loading,  de- 
t e n t i o n  time and c u l t u r e  depth.  An example i s  given i n  which t h e  l i g h t  dependent 
response of  a p a r t i c u l a r  a l g a  is combined with equat ions  d e s c r i b i n g  t h e  b a c t e r i a l  
cell and C 0 2  product ion as a func t ion  of i n f l u e n t  BOD. The r e s u l t a n t  c a l c u l a t i o n s  
are used t o  expla in  why a l g a l  populat ions i n  combined a l g a l - b a c t e r i a l  c u l t u r e  a r e  
o f t e n  observed t o  be u n s t a b l e  a t  de ten t ion  times considerably longer  than t h e o r e t i -  
c a l  minimum deten t ion  time based on labora tory  c u l t u r e  d a t a .  
ing  c u l t u r e  depth i s  shown t o  amplify t h i s  e f f e c t .  

I n  s p i t e  of t h e  obvious over -s impl i f ica t ion  of  cons ider ing  only  l i g h t  and carbon 
limits i n  descr ib ing  t h e  behavior  of mass a l g a l  c u l t u r e ,  comparisons t o  a c t u a l  f i e l d  
d a t a  suggest t h a t  these  two parameters w i l l  be of  paramount importance i n  cont ro l l ing  
n e t  a l g a l  cel l  product ion rates. 

These r e s u l t s  suggest  t h a t  t h e  growth responses  of  many a l g a e  used i n  mass 

The environmental modi f ie rs  of primary 

The e f f e c t  of increas-  

NOMENCLATURE 

BOD = I n f l u e n t  BOD 
BOD' = Eff luent  BOD: E 

P, = Light s a t u r a t e d  photosynthe t ic  r a t e  
P = Average photosynthe t ic  r a t e  
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C02f = Free carbon dioxide concentration t = Time 
V = Reactor volume 
X1 = Influent algal cell concentration 
X2 = Effluent algal cell concentration 
XA = Algal cell concentration 
XB = Bacterial cell concentration 
YB = Bacterial yield coefficient 

light intensity curve 

2f [C02J2 = Effluent CO 
= Influent total carbon concentra- 

cT1 t ion 
C T ~  = Effluent total carbon concentra- 

tion 

concentration 

oxidized 
D = Dilution rate 
I = Effective light level 
k = BOD decay coefficient 
Kb = Bacterial decay coefficient 
Kd = Algal decay coefficient 
K = Overall algal productivity 

a = Slope of photosynthetic rate vs. [C02]s = Atmospheric equilibrium COzf 

a. = C0zf fraction of CT 
a, = HCQ; fraction of CT 
a2 = CO- fraction of CT 

C1 = Moles C02 produced per mg BOD5 

3 
u = Specific growth rate 

pmax = Maximum specific growth rate 
0 = Hydraulic detention time = 1/D 

(from Pipes, 18)  
K L ~  = CO2 transfer coefficient 

KSCO~ = COZf concentration at which 
N = 112 umax 

REFERENCES 

Goldman, J. C. Water Research 13:l-19, 1979a. 
Lehman, J. T., Botkin, D. B., and Likens, G.E. Verh. Internat. Verein. Limnol. 
19:300-307, 1975. 
Lehman, J. T., Botkin, D. B., and Likens, G. E. Limn. and Ocean 29:343-364, 1975. 
Lehman, J. T. J. Physol. 14:33-42, 1978. 
Toerien, D. F., and Huang, C. H. Water Research 17:1673-1681, 1973. 
Modeling the Eutrophication Process, Proceeding of a Workshop at St. Petersburg, 
Florida, 1969. National Technical Information Service, No. PB-217-383. 
King, D. L. JWPCF 42:2035-2051, 1970. 
King, D. L., and Novak, J. T. JWPCF 48:1812-1815, 1974. 
Steemann, Nielsen, E., and Jensen, P. K. Physiol. Plant 11:170-180, 1958. 
Osterlind, S. Physiol. 4:242-254, 1951. 
King, K. L. p. 98-105, Nutrients and Eutrophication, Amer. SOC. Limnol. 
Oceanography Spec. Symp. 
Goldman, J. C., Oswald, W. J., and Jenkins, D. San. Eng. Lab Rept. No. 72-11, 
Univ. of Calif., Berkeley, 1972. 
Stumm, W., and Morgan, J. J. A uatic Chemistr . John Wiley 6 Sons, Inc., 1970. 
Brewer, P. G., and Goldman, J . b m n .  and 0;ean 21:108, 1976. 
Brune, D. E. "The Growth Kinetics of Freshwater Algae." Ph. D. dissertation, 
Univ. of Missouri-Columbia, 1978. 
Lawrence, A. W., and McCarty, P. L .  JSED, ASCE, 96:757-778, 1970. 
Ricci, J. E. Hydrogen Ion Concentration. Princeton Univ. Press, Princeton,NJ 
1952. 
Pipes, W. 0. Appl. Microbiol. 1O:l-5, 1962. 
Smith, E. L. National Acad. of Sciences Proceeding 22:504-511, 1936. 
Groden, T. W. 
Inst.. Troy, NY 1977. 
Boersma, L. L . ,  Gasper, E . ,  Miner, J .  R., Oldfield, J. E., Phinney, H. K., and 
Cheeke, P. R., Management of Swine Manure for the Recovery of Protein and Bio- 
5. Final Report to the National Science Foundation, 1978. 

____ 

Report to Center for Ecological Modeling, Renssalaer Polytechnic 

21 0 



OO 1 ,005 ,010 ,015 .I 

AVE. COP (mm/l )  

.06 

.04 
I - 
L 
c - 
3. 

.02 

0 

- Scencdesmur quadricaudo 
0-  600 foot- condles 

0 
0 

0 0  
e - 4 2 0  foot-condlee 0 o o  

O n  

- 

- 

Fieure 1: 95% confidence intervals around a Monod fit of u vs. 

.06 

.04 

- 
L r - 
3. 

.02 

- 
CO2f for Chlorella vulgaris grown at 15OC and satur- 
ated light levels. 

- Scenedermua quodricoudo .' S -  600fOot-Condlr8 - 0 -  4 2 0 f O O t -  candle8 

- 

- 

0 

0 
0 0  

,001 I I I I 
0.05 0.10 0.15 0 .,i 

AVE.  HCO;(mm/l) 
Figure 2. HC03 concentration v s .  u for batch cultures of 

Scenedesmus quadricauda grown at 2 7 O C  and two 
light levels. 

.oo P 
0.5 1.0 1.s 2 .o 

AVE. C T  ( m m / l )  
Fieure 3. CT concentration vs. u for batch cultures of 
I 

Scenedesmus quadricauda grown at 27OC and two 
light levels. 

21 1 



-__ 
A- I meq 0.102 0. 167 
0 -  2 meu 0. I04 3 . 3 2 3  
o - 3 m e q  0.106 0.562 

I I I I I 
0 0.5 I .o I .5 2 .o 2.5 

AVE. COP (micro-molerl l i ter)  
Figure 4. p vs. COzf f o r  batch cultures of Chlorella vulgaris grown 

in a medium of varying initial alkalinity. 

Figure 

c 
n 
0 
X 
Y 

c 
I 

- 

5 .  

0 
0 1 2 3 4 5 6 7 8  

I n ( K ~  C O ~  mm/l x 106) 

Observed relationship between Ks,-02 and the 
strength f o r  Chlorella salina. 

culture ionic 

9.0 
Scenedesmus quadricoudo 
chemostot pH response 8.0 ( r  

7 . 0 0 " 1 1 ' 1 1 f l *  1 1 1  1 1 1  
5 I O  15 

DETENTION TIME ( d a y s )  
Figure 6. Continuous culture pH response of Scenedesmus quadricauda 

with influent alkalinity of 2 . 5  nleq/liter. 

21 2 



Figure 7. 

1.0- 

4.0 

: 3.0- 
0 

L 

: 2.0- 

I .o 

, O . O C  

- 

- 

- 

O L I E W T ~ O N  TIYE inns1 

Theoretical pH response of continuous 
varying influent alkalinity. 

algal CUI ture at 

I I I t I I 
20 40 60 7 0  80 100 

OLTLNTION T I M E 1  HRSI  

Figure 9. Percent of total carbon in influent medium converted to algal bio- 
mass in a carbon-limited continuous culture. 

21 3 



Figure I n .  Theoretical algal cell biomass vs. detention time in a ight 
limited continuous culture. 
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Plants as  a Source of High Energy L i q u i d  Fuels 

E .  K .  Nemethy, J .  W .  Otvos, and M .  Calvin 

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, 
University of Cal i forn ia ,  Berkeley, California 94720 

The growing of green p lan ts  has received much discussion as  a renewable 
energy source (1 ) .  Two d i s t i n c t  approaches a r e  possible f o r  energy farms. 
Either whole plants can be harvested as i n  a biomass plantation, or plants 
capable of producing reduced photosynthetic materials can be cu l t iva ted .  
l a t t e r  case, the net product i s  a der iva t ive  of the to t a l  biomass, and the  
process would be unlike many o ther  biomass systems where the  whole plant is 
burned f o r  i t s  heat value. Conversion processes f o r  hydrocarbon-like ex t rac ts  
a r e  expected t o  be more e f f i c i e n t  and l e s s  energy demanding, since the  material 
i s  already i n  a reduced s t a t e .  

other hydrocarbon-like chemicals. Perhaps the  best known example i s  the rubber 
t r e e ,  Hevea brasil  i ens i s  (family Euphorbiaceae). The family Euphorbiaceae con- 
s i s t s  o f p r o x i m a t e l y  2000 species ranging from small herbs and succulents t o  
large t r ees ,  the la rge  majority of which produce a milky la tex  which is  r i ch  in 
reduced isoprenoids. One member of t h i s  family, Euphorbia l a thy r i s ,  grows wild 
in California.  To explore the  f e a s i b i l i t y  of obtaining fue ls  or chemical feed- 
stocks from th i s  E u  horbia spec ies ,  f i e l d  s tud ies  were undertaken i n  the cu l t i -  
vation and h a r v e s h u p h o r b i a  l a thy r i s .  Preliminary r e s u l t s  w i t h  wild 
seed and without t he  benefit  of optimization of f e r t i l i z e r  and i r r iga t ion  condi- 
t ions  gave an annual biomass y i e ld  of 10 dry tons per acre.  

material by hot solvent ex t rac t ion .  Various solvents can be used fo r  the  isola- 
t i on  of d i f fe ren t  plant cons t i tuents ;  one such ex t rac t ion  scheme i s  shown i n  
Figure 1 .  The high heat value and low oxygen content of t he  heptane ex t rac t  
warranted a more de ta i led  inves t iga t ion  of i t s  chemical composition ( 2 ) .  This ex- 
t r a c t  i s  a complex mixture of over 100 individual components. By various ana- 
ly i tca l  methods, primarily by gas chromatography, combined gas chromatography-mass 
spectroscopy and h i g h  resolution mass spectroscopy, we ident i f ied  approximately 
f i f t y  major components. The ex t r ac t  i s  composed almost en t i r e ly  of t e t r a -  and 
pentacyclic t r i t e rpenoids  functionalized as ketones, alcohols,  o r  f a t t y  acid 
es te rs .  Two representative s t ruc tu res  f o r  a t e t r a -  and a pentacyclic case are 
shown i n  Figure 2. Triterpenoids a r i s e  via the  enzyme mediated cyclization of 
squalene 1,2-oxide, followed by rearrangement sequences t o  y ie ld  a l a rge  array of 
in te r re la ted  C30 compounds. In Euphorbia l a t h y r i s ,  terpenoid biosynthesis i s  
almost exclusively shunted v i a  this pathway, since no major amount of lower te r -  
penoids have been detected.  A few of these t r i t e rpenoids  have been previously 
identified as  the major components of the  la tex  i t s e l f  ( 3 ) ;  however, the whole 
p lan t  ex t rac t  y ie lds  a much g rea t e r  var ie ty  of these compounds. The nature of 
these compounds suggests t h a t  their conversion t o  chemical feedstock material 
might be advantageous. Such conversion s tudies  have already been carried out on  
vegetable o i l s  and a Euphorbia l a t ex  (4 ) .  

A substantial  amount of a more polar f rac t ion  can be obtained from the dried 
p lan t  by methanol ex t rac t ion ,  as shown in Figure 1 .  We have ident i f ied  simple 
hexoses as major components of this  f r ac t ion .  These sugars a r e  fermentable t o  
alcohol; therefore,  t he  poss ib i l i t y  of obtaining this additional l iquid fuel from 
Euphorbia l a thy r i s  shows promise. 

A1 though Euphorbia l a thy r i s  produces reduced isoprenoids, i t  would be 
economically des i rab le  t o  improve this  y ie ld .  The f i r s t  p l a n t  se lec t ion  experi- 
ment toward th i s  end was done using the  two cu l t i va r s  native t o  Cal i forn ia ,  the 

In the 

A l a rge  number of p lan t  species a re  capable of synthesizing isoprenoids and 

Reduced photosynthetic material  can be obtained from the  dried plant 
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Northern and the Southern variety.  In a population of one hundred individual 
Northern and one hundred Southern California seed source p lan ts ,  we could not 
de tec t  a s t a t i s t i c a l l y  s ign i f i can t  difference in  terpenoid content between the 
two Sets.  The r e l a t ive ly  small dispersion( 8% Of the  mean) observed f o r  each s e t  
i s  probably indicative of the limited seed source ava i lab le  a t  t h i s  time. In 
order to  explore the f e a s i b i l i t y  of increasing terpenoid a s  well as  biomass y ie lds ,  
fur ther  experiments using plant growth hormones, s imi la r  t o  the ones used 
successfully in guayule and e, a r e  i n  progress (5 ) .  

Since Euphorbia l a thy r i s  and other hydrocarbon producing crops a r e  new 
species from the point of view of cu l t iva t ion ,  t h e i r  agronomic cha rac t e r i s t i c s ,  
requirements, and y ie ld  poten t ia l s  a r e  not y e t  well known. Consequently, any 
conceptual economic o r  technical evaluation will contain several uncer ta in t ies .  
A recent study by Stanford Research I n s t i t u t e  on the f e a s i b i l i t y  of growing 
Euphorbia la thyr i s  f o r  energy usage ident i f ied  these major uncertainties a s  the 
feedstock cost  and supply ( 6 ) .  This conceptual process study is  e s sen t i a l ly  
based on solvent extraction of f i e l d  dried plants a t  1000 tons per day, and 
recovery of the sugars by water extraction. Credit i s  given for  the sugars a t  
4 t  per lb .  (base case) o r  6$ per l b .  (op t imis t ic  case).  The overall process uses 
the ce l lu lose  (bagasse) of the plant to  generate the energy required f o r  solvent 
extraction and recovery. According t o  t h i s  model, a f t e r  recovery of the useful 
products, a considerable quantity of bagasse i s  l e f t  over. I f  one includes i n  
th is  model an estimate of the  required energy i n p u t  f o r  cu l t iva t ion ,  the e n t i r e  
process s t i l l  remains energy pos i t ive(7) .  

Based on th i s  study, the estimated product costs a r e  grea t ly  dependent on the 
method of cu l t iva t ion .  In areas such as  California where i r r iga t ion  i s  required, 
one barrel of " o i l "  from Eu horbia l a t h  r i s  may be produced for  $100 (opt imis t ic  
case) or $200 (base case) .  !ultivation Ef Euphorbia l a thy r i s  in a geographic 
region where i r r iga t ion  requirements a re  minimal would lower the feedstock costs 
s ign i f icant ly .  Consequently, one barrel of "o i l "  form Euphorbia l a thy r i s  grown 
in the Midwest i s  estimated t o  cos t  $43. 

corn or sugar cane, which y i e ld  ethanol, indicates t h a t  i n  terms of energy yield 
of l iqu id  fuel per acre/yr , Eu horbia l a t h  r is  i s  comparable. The l iqu id  fuel 
y ie ld  from corn i s  16 x lo6 BT$acre/yr; ft& sugar cane i t  i s  25 x 106 BTU/acre/yr. 
both in the form of ethanol (8). The E u  horbia l a thy r i s  y i e ld  i s  20 x lo6 BTU/acre/ 

In addition a potential  y ie ld  of approximately 7 x 106 BTU/acre/yr. may y e t  be 
realized from fermentation of ye t  unidentified carbohydrates. 

I 

Comparison of a new crop such a s  Euphorbia t o  other established ones l i k e  

yr .  in the form of hydrocarbons and 13 k x 10 BTU/acre/yr. in the form of alcohol. 

1. 

2.  

3. 

4. 

5. 

6. 
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METHANE PRODUCTION BY ANAEROBIC DIGESTION 
OF WATER HYACINTH (EICHHORNIA CRASSIPES) 

D. L. Klass and S. Ghosh 

Institute of Gas Technology 
3424 South State  St. 

Chicago, Illinois 60616 

INTRODUCTION 

Water hyacinth (Eichhornia crassipes) is an aquatic biomass species that exhibits 
prolific growth in many s s o f h e  world (1). It has  been suggested as a strong candidate 
for  production of methane because of high biomass yield potential (2). Several studies have 
been carried out which establish that  methane can be produced from water hyacinth under 
anaerobic digestion conditions (3-6). Both batch and semicontinuous digestion experiments 
were performed. The highest apparent gas yields reported were obtained in the  batch mode 
of operation over long detention times (4), but the yields were based on wet hyacinth 
containing unspecified amounts of water and ash. Some of t h e  data  in the literature on gas 
yield and production rate are  difficult to interpret because they a r e  experimentally observed 
values and are  not  reduced to standard conditions. The energy recovery efficiencies in the 
product gas a re  also not  available because the energy contents of the  feed were not 
determined. The work described in this paper w a s  initiated to  develop more quantitative 
data in terms of t h e  physical and chemical characteristics of water  hyacinth. 

MATERIALS AND METHODS 

Digesters 

The digestion runs were carried out in the semicontinuous mode in cylindrical, 
complete-mix, 7- II digesters (7). and the 
internal diameter of the  digesters w a s  19 cm. Continuous mixing a t  130 rpm was provided 
with two 7.6-cm propel ler type impellers located 7.6 and 15.2 cm from the digester bottom 
on a central shaft. 

The culture volume for a l l  experiments w a s  5 

Analytical Techniques 

Most analyses were performed in duplicate; several were performed in triplicate or 
higher multiples. The procedures were either ASTM, Standard Methods, special techniques as 
reported previously (8), or other techniques as  indicated by footnotes in the tables. 

Data Reduction 

Gas yield, methane yield, volatile solids reduction, and energy recovery efficiency 
were calculated by the methods described previously (8). All gas da ta  reported are converted 
to  60°F and 30  in. of mercury on a dry basis. 

Digester Feeds 

One-half t o  one ton samples of water hyacinth were harvested for  this work. 

Water hyacinth was harvested from an experimental sewage-treatment lagoon of 
NASA's National Space Technology Laboratory in Bay St. Louis, Mississippi. Whole adult and 
young plants were collected and fed directly to  an agricultural chopper that provided 
particles about 3 in. or  smaller in size. The chopped hyacinth was placed in polyethylene- 
lined fiber drums, frozen, shipped by refrigerated truck to  IGT, s tored a t  -lO°F, ground in a 
laboratory grinder, mixed in a double-ribbon blender to  ensure homogeneity, placed in one- 
half gallon cartons, and stored a t  about -20°F. 

\ 
During one of the  harvests (June 3,  1977), small samples of whole plants were also 

collected, in addition to  the chopped plants, and shipped separately to IGT overnight in sealed 
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bottles without freezing for moisture, volatile matter, and ash analyses. The results are  
shown in Table 1 along with the corresponding analyses for  the hyacinth t reated as described 
above. 

I 

Whole water hyacinth plants were collected from a 0.25-ac freshwater pond in the Lee 
County Hyacinth Control District, Fort  Myers, Florida. This pond is located northeast of 
For t  Meyers in an unincorporated area known as Buckingham and receives both surface run- 
off and ground water. The pond is stagnant, has no outlet, is about 3 m deep, and has a 
mucky bottom. The whole plants  were shipped by unrefrigerated truck to IGT in 
polyethylene-lined fiber drums. Af te r  arrival at IGT, the water  hyacinth w a s  treated in the 
same manner as the Mississippi shipments. 

Grinding of the water  hyacinth in the laboratory w a s  achieved with an Urschel 
Laboratory Grinder (Comitrol 3600) equipped with 0.030-in. cutting head. A typical particle 
size analysis is shown in Table 2, and t h e  effects  of storage time on the moisture, volatile 
mat ter ,  and ash contents a r e  shown in Table 3. 

The characteristics of the particular lots of hyacinth used t o  make the  feed slurries 
for the digestion runs reported in this paper a re  summarized in Table 4. Feed slurries were 
prepared fresh daily by blending the  required amounts of ground hyacinth and demineralized 
water. The pH of the digester 
contents w a s  maintained in the desired range by adding a predetermined amount of caustic 
solution to the feed slurry before dilution to the required amount with water. When added 
nutrient solutions were used, t h e  compositions of which a r e  shown in Table 6, preselected 
amounts were also blended with t h e  feed slurries before dilution to the final feed volume. 

The properties of the slurries a r e  compared in Table 5. 

I n n u m ,  Star t -up and Opera- 

The inoculum for the initial replicate digestion runs (Runs 1M-B and 2M-B) was 
developed by accumulating daily eff luents  from existing laboratory digesters operating on 
giant brown kelp and primary-activated sewage sludge as described previously (7). These 
digesters were then operated in  the semicontinuous mode with initial mixed inoculum 
volumes of 2.511 and a daily feeding and wasting schedule aimed a t  increasing the working 
volume to 5~ over  an 8-day period, a f te r  which a transition period was incurred to change the 
feed to 100% hyacinth (7). The total  time required from start-up to conversion to hyacinth 
feeds w a s  42 days. A second transition period was then used to adjust the operating 
conditions to a loading of 0.1 Ib volatile solids (VS)/ft3 -day and a detention time of 1 2  days; 
this required 21 days (7). Digestion was then continued a t  the target  operating conditions 
with hyacinth feed only. 

The experimental results obtained a t  steady s ta te  with Runs 1M-B, 2M-B and 
subsequent runs a re  shown in Table 7. Steady-state digestion w a s  defined in this work as 
operation without significant change in gas  production rate, g,as composition, and effluent 
characteristics. Usually, operation for  two or three detention times established steady-state 
digestion. 

Mesophilic Runs 1M-4, 1M-7, 1M-8, and 1M-9 were each successively derived starting 
from the initial Run 1M-B. Run 1M-4 shows the effects  of added nitrogen as an ammonium 
chloride solution. Run 1M-7 shows the e f fec ts  of terminating caustic additions to maintain 
pH. Run 1M-8 was developed by replacing the Mississippi hyacinth in the feed slurry with 
Florida hyacinth. Run 1M-9 is a continuation of Run 1M-8 except caustic additions were 
made to control pH. Run 2M-3 was derived from Run 2M-B and was carried out with 
additions of the  mixed nutrient solution. 

Thermophilic Run 1T-5 w a s  developed from the  effluents of mesophilic Runs 1M-B and 
2M-B. Successively, the effluents were collected and used as inoculum (16 days); the digester 
w a s  operated a t  the conditions of Runs IM-B and 2M-B to  stabilize the new digester 
(16 days); the temperature  was increased to 55OC and the digester w a s  kept in the batch 
mode (14 days); the  semicontinuous mode of operation w a s  s tar ted with gradual change of the 
detention time from 106 days to 16.7 days and of the  loading from 0.01 to  0.15 Ib VS/ftLday 
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(27 days); and Run 1T-5 was continued. Runs 1T-8, 1T-10, and 1T-11 were each successively 
derived starting from Run 1T-5. Runs IT-8 and 1T-10 were operated a t  higher loading ra tes  
and lower detention times than Run IT-5; ammonium chloride solution was added t o  each of 
these runs. Run 1T-11 is identical to Run 1T-10 except  that  nitrogen additions were 
terminated. 

Dewatering Tests 

Gravity sedimentation tes t s  were conducted by a modification of the  AEEP Method (91 
in which a 400-ml sample of the  effluent was examined in a 1- R graduated cylinder giving a 
fluid depth of 140 mm (7). Vacuum filtration tests were conducted by a modification of the 
AEEP Method (10) in which a 417-ml sample of effluent was filtered through a monofilament 
fi l ter  cloth (71. 

DISCUSSION 

Feed Properties 

The roots of water  hyacinth had higher ash and lower volatile mat te r  contents than 
other parts of the  plant a s  shown by the  data in Table 1. Harvesting and storage times a s  
well as the source of the plant seemed to have little effect  on the moisture, volatile matter,  
and ash contents of the  plants as illustrated by the data in Table 3. Samples harvested many 
months apart  in Mississippi had essentially the same volatile mat ter  and ash contents. The 
sample harvested in Florida had slightly higher volatile mat te r  and slightly lower ash 
contents than the Mississippi samples, but this might be  expected in view of the different 
growth media from which the hyacinth harvests were taken. The Mississippi hyacinth was 
grown in a sewage-fed lagoon, and hyacinth is known to take up heavy metals from such 
media (1). 

The data on the chemical and physical properties of the Mississippi and Florida 
hyacinths used in this work (Table 4) indicate some interesting differences. The C/N and C/P 
weight ratios a re  each lower for the Mississippi hyacinth than the Florida hyacinth, but both 
se t s  of ratios appear to be somewhat high when compared with the corresponding ratios 
supplied by suitable feeds for  anaerobic digestion such as  giant brown kelp and sewage sludge 
(7). Although analytical da ta  for the organic components in Florida hyacinth were not 
obtained, the relatively high hemicellulose content of the Mississippi hyacinth indicates 
potentially good digestibility (7). Interestingly, the theoretical methane yield derived from 
the empirical formula and stoichiometric conversion (7) of the Mississippi hyacinth has a 
maximum value about 14% higher than that of the Florida hyacinth. 

Comparison of the feed slurries (Table 5) also reveals some interesting differences. 
The slurry made with the Mississippi hyacinth had a lower pH and buffering capacity than the 
Florida hyacinth slurry and therefore needed more caustic for pH control. However, the 
ammonia nitrogen concentrations in each slurry appeared too low for good digestion when 
compared to the beneficial range for sewage digestion (1 1). Concentrations of calcium, 
potassium, sodium, and magnesium calculated from the da ta  in Table 4 for the feed slurries, 
assuming each element is totally dissolved, were either in the stimulatory range or less than 
the inhibitory range (1 1). Addition of sodium hydroxide for pH control, although increasing 
the sodium ion concentration several-fold, was still estimated to be insufficient to raise the 
sodium ion concentration to the inhibitory range. Also, addition of lime for pH control (Run 
lM-9) a t  the level required raised the calcium ion concentration in the  feed slurry but not 
enough to inhibit digestion based on sewage digestion and inhibition by metallic cations (11). 

Mes_ophilic Digestion 

Operation of replicate Runs 1M-B and 2M-B on Mississippi hyacinth without added 
nutrients showed good reproducibility and balanced digestion. Typical operating performance 
over a period of several detention times is shown in Figure 1. It  was found that to maintain 
pH in the desired range, about 45-50 meq of sodium hydroxide per  l i ter  of feed had t o  be. 
added. 
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To a t t empt  to increase methane yields, pure and mixed nutrient solution additions 
were made in Runs 1M-4 and 2M-3, respectively, while controlling pH with added caustic. 
Lit t le change was observed in digester performance; the gas  production r a t e s  and yields were 
about the same  as  those observed without nutrient additions. 

Elimination of both pH control and nutrient additions in Run 1M-7 resulted in small  
decreases in pH, methane yield, and methane concentration in the product gas, but overall 
performance in terms of volatile solids reduction and energy recovery efficiency as methane 
were about the s a m e  as those of the runs with pH control and with or without nutrient 
additions. 

Conversion from Mississippi hyacinth to  Florida hyacinth in Run 1M-8, which did not 
incorporate pH control or nutrient additions and which was identical t o  Run 1M-7 except for 
the feed source, showed significant reduction in most of t he  gas production parameters. Gas 
production r a t e  and yield and methane yield decreased, but digester performance was still 
balanced as shown by low volatile acids in the digester effluent and the methane 
concentration in the product gas. From the  elemental analyses and the theoretical methane 
yields (Table 4), the  methane yield for Run 1M-8 would be expected to be about 14% less than 
that of Run 1M-7; it decreased by about 41%. Prolonged operation of Run 1M-8 for over six 
detention times did not result in any improvement; the run exhibited steady-state 
performance with no change in methane yield o r  gas  production rate. Use of pH control 
(Run 1M-9) and continued operation reduced the methane yield even further. It was 
concluded from these experiments that  the Florida hyacinth sample contained unknown 
inhibitors o r  that  the Mississippi water  hyacinth contained unknown stimulatory components. 
The latter possibility was considered more likely because the Mississippi hyacinth was grown 
in a sewage-fed lagoon, and i t  is well established that normal sewage has good digestion 
characteristics (11). Also, i t  i s  known that  water hyacinth when grown in laboratory media 
enriched with nickel and cadmium, components often found in sewage, incorporates these 
metals and shows good digestion characterist ics (4). 

Thermophilic Digestion 

Digestion of Mississippi water hyacinth was carried out a t  55OC with and without 
nitrogen supplementation. Balanced digestion was achieved with all  four runs, Runs IT-5, 
1T-8, IT-10, and 1T-11. The  gas production r a t e  increased with decreases in detention time 
and increases in loading r a t e  a s  expected. Also, as expected, the gas  production r a t e  a t  55OC 
was higher than that at 35OC, and again there  was no apparent benefit of nitrogen additions. 
The methane yield ranged from 1.95 to  2.63 SCF/lb VS added over the  detention time range 
studied, 6 to 16.7 days. At the same 12-day detention times, the methane yield at 55OC, 
2.42 SCF/lb VS added (Run IT-81, was lower than those observed for all of t he  mesophilic 
runs a t  35OC with Mississippi hyacinth. However, comparison of the specific methane 
production rates  [methane production r a t e  t [loading x detention time)] in Table 7 shows that 
a t  the highest loading and shortest  detention time studied in this work (Runs IT-10 and 
1T-ll), the r a t e  of methane production p e r  pound of volatile solids added is higher at 55OC 
than a t  35OC even though the methane yields a r e  lower. 

Carhon and Energy Balances 

The difficulty of calculating carbon and energy balances for digestion experiments in 
which additions of alkali and nutrients a r e  made has been discussed before (7). These 
additives contribute t o  ash weights. The  two methods used to circumvent this problem in 
previous work (7) were also used in this paper. They a re  described in the footnotes to  
Table 8, which presents sample calculations by each  method for Runs 1M-B, 2M-E, and 1M-9. 
Run 1M-9 exhibited the largest  deviation from the theoretical carbon and energy balances; 
both balances were quite low and only accounted for 81 to  87% of the feed carbon and 86 to 
92% of the feed energy. The major reason for this is probably the deviation in the 
experimental gas production measurements. Run 1M-9 had the largest  coefficients of 
variation of all t h e  runs f o r  both gas  production r a t e  and yield (Table 7). 
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-ties of Effluent a_n_d_Digested Solids 

A comparison of fresh feed slurries and effluents from Runs 1M-B, 1M-4, and 1M-8 is 
presented in Table 9. The addition of sodium hydroxide for  pH control in Run 1M-B had the  
expected effects  on total and bicarbonate alkalinities, pH, and conductivity. The eff luent  
from Run 1M-4, which was subjected to both caustic and nitrogen additions, showed t h e  same 
trends except that the ammonia nitrogen concentration also increased. Run 1M-8, which had 
neither caustic or nitrogen additions, showed a significant increase in alkalinities and a major 
reduction in volatile acids. The volatile acids present in the fresh feed slurry were expected 
to undergo a large decrease on balanced digestion. However, the conversion of non-ammonia 
nitrogen in the  feed to  ammonia nitrogen in the effluent is not  apparent in these runs in 
contrast to the usual increase observed on digestion (7). Also, because of the  moderate to 
low volatile solids reductions in these experiments, the chemical oxygen demands of the  
digester effluents are relatively high. 

A few experiments were carried out to examine the  gravity sedimentation and 
filtration characteristics of digester effluent from Run 1M-B. The sedimentation results for  
unconditioned and conditioned effluent a r e  shown in Figure 2. The settling characteristics 
were poor and the conditioning t reatment  improved settling only slightly. 4 more detailed 
study is necessary to optimize the conditioning method. Similarly, the filtration 
characteristics of the  conditioned and unconditioned effluent shown in Table 10 were poor. 

The properties of the dry feeds and digested solids from Runs 1M-B, 2M-B, and 1M-9 
are listed in Table 11. Carbon content, volatile mat ter ,  and heating value of the  total 
digested solids decreased on digestion as expected while ash content  increased. The heating 
value per pound of contained carbon remained reasonably constant from dry feed to dry 
digested solids, but there appeared t o  be a significant reduction in the heating value of the  
volatile mat te r  in the Florida hyacinth residual solids, while the heating value of the 
Mississippi hyacinth residual solids remained about the same as the feed. As indicated in 
previous work (7), this may be due to  the difference in degradabilities of different organic 
components. 

Thermodynamic Estimates 

The maximum theoretical methane yields uncorrected for  cellular biomass production 
for  the Mississippi and Florida water hyacinth samples used for  the digestion runs were 
estimated to be 9.36 and 8.20 SCF/lb VS reacted (Table 4). Assuming that  7% of the protein 
and 20% of the  carbohydrate is converted t o  cells on one pass through the  digester, the  
maximum theoretical yield of methane for Mississippi hyacinth is given by (7): 

SCF CH SCF CH4 (1 lb VS added - 0.195 lb VS to cells) (9 .36  Ib vs rea:ted) = 7.53 l b  VS-pass 

If the  same conversion factor  is assumed t o  be valid for the Florida hyacinth sample, the 
corresponding yield is 6.60 SCF CHr/ lb  VS-pass. The highest experimental methane yields 
observed for the Mississippi and Florida hyacinth samples used in this work a re  3.13 and 
1.66 SCF/lb VS added, o r  about 42% and 25% of these theoretical values. 

Com&son With Other  Substrates - -- 

The methane yields, volatile solids reductions, and energy recovery efficiencies as 
methane in the product gas from experiments carried out under similar high-rate conditions 
with other substrates are summarized in Table 12 (7) along with t h e  results from Run 2M-B. 
The relatively narrow span of the  yields and efficiencies when considered together suggest 
that  standard high-rate conditions in the conventional range tend to  afford about the same 
digestion performance with degradable substrates. The basic organic components groups in 
these substrates a r e  similar. Usually, the largest fraction consists of mono and 
polysaccaharides and the  smallest fraction is lignin, if present a t  all. The protein content is 
usually intermediate in concentration. Experimental data  indicate tha t  the hemicelluloses 
a r e  generally more degradable than the cellulosics on digestion (7), and that  the cellulosics 
and protein fraction a re  lower in degradability than the monosaccaharides (12). Thus, feeds 
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high in hemicelluloses and monosaccaharides should exhibit high gasification rates, but the  
actual concentrations of these components in the feeds might be expected t o  govern gas 
yields. Further  improvements in yields and energy recovery efficiencies are therefore more 
likely through post- or p r e t r e a t i n g  procedures that increase the degradabilities of the 
resistant organic components in biomass, or through longer residence times. For example, 
about 90% of the monosaccaharide glucose was converted t o  product gas on anaerobic 
digestion a t  an overall residence t ime of about 4.5 days in a two-phase system (131, while 
long-term digestion of cellulose indicates an ult imate anaerobic biodegradability of about 
75% (14). A mixed biomass-waste feed containing water  hyacinth has been estimated t o  have 
an ultimate biodegradability of 66% (15). 

CONCLUSIONS 

Water hyacinth under conventional high-rate digestion conditions exhibited higher 
methane yields and energy recovery efficiencies when grown in sewage-fed lagoons as  
compared t o  t h e  corresponding values obtained with water hyacinth grown in a fresh-water 
pond. Mesophilic digestion provided the  highest feed energy recovered i n  the product gas as  
methane while thermophilic digestion, when operated a t  sufficiently high loading ra tes  and 
reduced detention times, gave the highest specific methane production rates. Methane 
yields, volatile solids reduction, and energy recovery as  methane for the sewage-grown water 
hyacinth were in t h e  same range a s  those observed for other biomass substrates when 
digested under similar conditions. 
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Table 1 .  UOISTLIRE. VOLATILE HATTER. A m  ASP COSTEST or 

Harvested 6-3-77 
MISSISSIPPI WATFR HYACINTH PLANT PARTS 

Plant Part 

Root. 

stem. sro1on 

Stern. Svbfloaf 

Stem. Float  

Leaf 

A"VerAge 

m o l e  (Chopped, Frozen, 
Thawed, Ground)' 

mistYre v o l a t i l e  narrcr 
ut 2 

91.2  63.6 36.4 

90. 4 8 0 . 5  19.5 

90.9 81 .2  18 .8  

91.1 8 0 . 1  19 .1  

17.4 82 .6  87 .5  

90.2 77.7 22.3  

- - - 

95.3  77.7 22.4  

a After shipment to laboratory. thawing. and grinding. 
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Table 2 .  TYPICAL PARTICLE SIZE ANALYSIS OF GROUND WATER HYACINTH 

u. s. sieve sire, mm 
1 . 1 8 0  

0.600 

0 . 2 9 7  

0 . 2 5 0  

0 . 2 1 2  

0 . 1 8 0  

0.149 

0 . 1 0 5  

0.063 

Retained on Sieve. W t  2 

0 
1 2 . 7  

34.5 

72.7 

7 8 . 2  

85 .5  

8 9 . 1  

94 .8  

9 8 . 2  

A80030702 

Table 3. EFFECT OF SOURCE, HARVEST TIME, AND STORAGE ON MOISTURE, 
VOLATILE MATTER, AND ASH CONTENT OF WATER  HYACINTH^ 

Source 

Bay St .  Louis ,  
M i s s i s s i p p i  

Fo r t  Myers, F lo r ida  

Harvest Date S to rage  Time, mth 

6-3-77 2.5 

2.8 

7.8 

6-21-78 0.2 

2.2 

7-19-78 2.8 

3-13-78 0 . 5  

5.0 

Moisture  V o l a t i l e  Ma t t e r  Ash 

W t  x 

95.3 77.5 22.5 

95.3 77.9 22.1 

95.0 76.9 23.1 

94.3 76.5 23.5 

94.3 75.2 24.8 

94.5 78.8 21.2 

94.7 79.9 20.1 

94.3 80.9 19 .1  

a A l l  samples ground wi th  0.030-in. c u t t i n g  head of Urschel  g r i n d e r ,  homogenized, s t o r e d  a t  -20"F, and 

A80030698 

thawed before  a n a l y s i s  i n  t r i p l i c a t e .  
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T a b l e  7.  

Run 

Peed Source 

Operarini Condirion 

Tempernrure. 'c 
PHb 
cauer icaoorage ,  oeq/P 

feed  

Loading Rare. 
I b  VS/ft'-day 

oerenrion Time. day 

Iorsl S o l i d s  in Feed 
S l u r r y ,  Y f  z 

Feed S l u r r y .  rl  1 
VDlaf i le  S o l i d s  i n  

Nutrients Addedb 

C I N  Rat io  in Feed 
Slurry 

S l v r r y  

Detention Times 
Operated 

C l P  Pat io  i n  Feed 

Gar Product ionC 

Gee Product ion  ~ a f e ,  
uol luol -day  

Cas Yield .  SCF/lb 
YS added 

Methane Concenrraiion. 
m o l  2 

Methane Yield. SCFllb 
V S  added 

1"-8 

nie8. 

35 
1.01 

4 9  

o.ia 
12 

2.47 

1.92 

0 

21.0 

8 9 . 3  

5.1 

SUMMARY OF SELECTED STEADY-STATE DIGESTION DATA 

21-8 IN-4 

Hies. nio.. 

31 35 

7.05 1.02 

45 4 1  

a.10 a.10 

12 12 

2.47 2.47 

1.92 1.92 

a N 

21 .a  8 .2  

89.3 89.3 

5.1 2.8 

S p e c i f i c  Hethane Produc- 
tion Rate. SCFllb V S  
added-day 0.26 0.26 0.21 

E f f i c i e n c i e s  

Yolarile Sol ida  

Feed Energy Recovered 

Reduction. X 28.8 2 9 . 8  28.5 

8 s  Methane. I 31.2 3 5 . 1  33.9 

Eff luent  Volatile Acids. 
mg/1 as HOAe 21 26 26 

2n-3 

HISS 

35 
6.99 

50 

0.10 

12 

2 . 4 1  

1.92 

nr: 

8.2 

1 1 . 2  

2.8 

in-7 
HISS. 

35 

6.72 

0 

0.10 

12 

2.47 

1.92 

0 

21.0 

R 9 . 3  

2.7 

in-8 
F1;1. 

35 

6.57 

a 

0.10 

12 

2 . 4 1  

1.92 

0 

2 6 . 1  

103 

6 . 6  

In-9 

PI. .  

35 

6 .87  

31 

0.10 

12 

2.41 

1.92 

0 

2 6 . 1  

103 

3.5 

IT-5 

Hiss .  

5 1  

7.08 

21 

0.15 

16.7 

3 .10  

2.87 

0 

21.0 

89.3  

1.0 

IT-8 
Hiss. 

55  

i . ao  

17 

0.21 

12 

5.19 

4.03 
N 

11.8 

89.3 

1 . 4  

1T-m 
MISS. 

5 5  

6.82 

4 

0.30 

6 

1 . 4 1  

1.76 

N 

15.1 

89.3 

3.0 

0.483(1) 0 . 4 8 8 ( 1 5 )  0.268(13) 0.179(21) O.b88(10) 0.861(11) 1.062(6) 

4.82(81 4 . 8 8 ( 1 5 )  2 .69 (12 )  1 .19(21)  4.58(8) 4.11(10) 3.15(5) 

60.6 17.4 6 1 . 8  6 6 . 2  51.1 58.7 57.9 

2.92 2 . R O  l . 6 h  1.19  2.63 2.42 2.06 

0.24 0 . 2 3  0.14 0.10 0.16 0.20 0 . 3 4  

28 .9  29 .2  17 .0  11.1 27.4 2 4 . 6  2 1 . 3  

31.3 32 .0  21 .1  15 .2  30.0 2 1 . 6  23.5 

S I  9 5 63 7 10 21 

a pH mainta ined  as Indicarsd  by a d d i t i o n  of sodium hydroxide  x a l u t l u n .  v x r r p l  fur  Hun lb l -9  *IIICTC 1 i m  "1% w c d .  Vu c i i i i r t i c  a d d i t i o n s  w e r e  
made (01 Runs 1"-7 and 1M-8. 

"0" denotes  no OYtrientS added fo feed slurry. 
solution added ce feed  s l u r r y  

"1i.V" denutc.c n l r e d  nurricnr solution addrd t o  f w d  ( . lurrv .  "V" denotes ammonium r h l o r l d e  

IT-11 
Hiss. 

5s 

6.80 

5 

0.30 

6 

7.41 

5.16 

0 

21.0 

89.3 

1.0' 

1.026(6) 

3.41(8) 

57 .3  

1.95 

0.33 

20.4 

22.3  

16 

B8 003 07 04 
lean values; the valves i n  parentheses are c o e f f i c i e n t s  o f  varla~ion. 

2 30 



I Run 1M-B 
Run 2M-B 

Accounted For 
Feed Carbon % Feed Energy, % 

99.5,a 10Zb 105,a 107b 
98.3,a 100b 104,a 106b 

Run 1M-9 80.8,a 87.0b 85.7,a 91.gb 

a Calculated from experimental determinations for moisture, volatile 
solids, ash, carbon, and heating values of feed and digested solids, 
and yield and composition of product gas. 
solids calculated from percent volatile solids reduction. 

Calculated from parameters in footnote "a" except that ash in digested 
solids estimated by assuming original ash in feed is in digested solids, 
that NaOH used for pH control is converted to NaHC03 on ashing at 550°C 
and remains in ash, and that NHbC1, if added, is volatilized on ashing. 

Volatile solids in digested 

Table 9. COMPARISON OF FEED AND DIGESTER EFFLUENT SLURRIES 

Mississippi Florida 
Hyacinth Hyacinth 

Reactor Slurry Run 1M-B Run 1M-4 Slurry Run 1M-8 

Total Alkalinity, 

PH 5.01 7.05 7.02 6.10 6.57 

Bicarbonate Alkalinity, 
mg/R as CaC03 302 3,390 3,430 556 2,290 

Conductivity, umholcm 3,500 5,620 9,870 2,100 2,680 

Volatile Acids, 

mglR as CaC03 425 3,400 3,460 1,443 2,300 

mglR as HOAc 173 27 26 1,065 5 
Chemical Oxygen 

Demand, mgfR 15,860 12,020 -- 17,479 14,630 

Ammonia N, mg/R as N 28 27 640 9 2 

A80030701 
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Table 10. VACUUM F I L ~ T I O N  CHARACTWISTICS OF DIGESTION EF'FLUBNT 
(Run m-B) 

Effluent cake Yield' 
nry c0h. ~ t ~ t ~ . t c .  

VEL* X of 1s Ts, w t  I VS. W t  I of TI Ib/ft'-hr Ib/lb d n  cake bndltlonedb 

1.63 60.7 11.5 82.1 1.15 136 m 

1.60 61.3 14.6 13.5 O.hhS 120 T*. 

Table 11. CCFIPARISON W DRY FEED AM) DIGESTED SOLIDS 

nun in-n RY" m-a 
Florid. 
Ry.Einrh 

41.1 31.1 3 1 . 3  h 0 , 3  

5 .29  3.82 3.18 h.60 

1.9b 1.98 1.98 1.11 

9S.l -- - 9 P . S  

17.1 60.1 60.1 8O.b 

22.4 39.3 39.1 19.6 

(,US6 1.280 5.269 6,389 
8.862 8.69~ n.6~1 1.917 
16,lSb 16.656 16.710 15.851 

27.3 

3.30 _- 
- 
69.4 
30.6 

1.391 
6,327 
16.08h 

Table 12 .  COWARISON OF STEADY-STATE METHANE YIELDS AND EFFICIENCIES UNDER STANDARD 
HIGH-RATE CONDITIONS' 

Coas t a l  B rmuda Kentucky Giant  H i a s i s s i p p i  Primay 
Crass  Bluegrass Brown Kelp Water Hyacinth' Bludge 

Methene Yield. 

3.51 2.54 3.87 3.13 5.3 SCF/lb VS added 

Vola t i l e  So l ids  
Reduction, 2 

Energy Recovered a B  

37.5 25.1 41.7 29.8 41.5 

41.2 27.6 49.1 35.7 4 6 . 2  Methane, X 

a Loadings of about 0.1 l b  VS/ft'-day. de t en t ion  time If 12 days, 35.C. 

Supplemented wi th  added ni t rogen.  

Run zn-8. 

A880030700 
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GASIFICATION OF FEEDLOT MANURE I N  A PLUIDIZED BED 

The Effec ts  of  S u p e r f i c i a l  G a s  Veloci ty  and Feed S i z e  Frac t ion  

K. P a t t a b h i  Raman, Walter P. Walawender and L. T. Fan 

Department of Chemical Engineer ing 
Kansas S t a t e  Univers i ty  
Manhattan, Kansas 66506 

INTRODUCTION 

The dwindling s u p p l i e s  of  o i l  and impending shor tages  o f  n a t u r a l  gas have made 
A g r i c u l t u r a l  wastes it worthwhile t o  cons ider  recover ing  energy from s o l i d  was tes .  

such as  f e e d l o t  manure, are one c l a s s  of m a t e r i a l s  t h a t  a r e  be ing  i n v e s t i g a t e d  f o r  
poss ib le  u t i l i z a t i o n .  Feedlot  manure is a low s u l f u r  m a t e r i a l  t h a t  i s  renewable and 
a v a i l a b l e  i n  s i g n i f i c a n t  amounts i n  c e r t a i n  a r e a s .  Manure can be  converted i n t o  use- 
f u l  products by anaerobic  d i g e s t i o n ,  a tmospheric  p r e s s u r e  g a s i f i c a t i o n  o r  l iquefac-  
t i o n .  Of t h e s e ,  a tmospheric  pressure  g a s i f i c a t i o n  appears  t o  be  t h e  most economi- 
c a l l y  a t t r a c t i v e  [Engler e t  a l . ,  (l)]. Contact ing devices ,  such as t h e  f i x e d  bed, t h e  
moving bed, t h e  en t ra ined  bed and t h e  f l u i d i z e d  bed can  b e  used f o r  g a s i f y i n g  manure. 
From t h e  s tandpoin t  of gas product ion,  f l u i d i z e d  beds are h i g h l y  d e s i r a b l e  because of 
t h e i r  high h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  and t h e i r  c a p a b i l i t i e s  f o r  maintaining iso-  
thermal condi t ions .  

A survey of  t h e  l i t e r a t u r e  on t h e  g a s i f i c a t i o n  of manure i n d i c a t e s  t h a t  t h e  a v a i l -  
a b l e  experimental  d a t a  are somewhat l i m i t e d .  Most i n v e s t i g a t o r s  have only examined the 
inf luence  of temperature .  Burton (2) c a r r i e d  out  two exper imenta l  runs wi th  d r i e d  cow 
manure i n  a f l u i d i z e d  bed r e a c t o r .  The r e a c t o r  used w a s  0.38 m (15") i n  diameter  and 
employed i n e r t  mat r ix  of  sand a s  t h e  bed m a t e r i a l .  Hot f l u i d i z i n g  gas f o r  t h e  r e a c t o r  
was generated by combusting methane OT propane. The r e a c t o r  o p e r a t i n g  temperatures  
used f o r  t h e  two runs repor ted  were 1041 K and 1022 K.  Smith e t  a l . ,  (3) publ ished 
p a r t i a l  ox ida t ion  d a t a  obta ined  i n  a moving bed r e a c t o r  u s i n g  manure as t h e  feed 
material. 
recycled product  gas  and a i r  a s  t h e  gas  medium. Data were obta ined  f o r  a t e m p e r a h r e  
range of  894 K t o  950 K. 

The experiments w e r e  conducted i n  a 0.05 m ( 2 " )  diameter  r e a c t o r  and used 

Bench scale o p e r a t i n g  d a t a  w e r e  ob ta ined  by Hal l igan  e t  a l . ,  (4)  i n  a 0.05 m (2") 
d iameter  r e a c t o r ,  which was operated i n  a p a r t i a l  combustion mode us ing  s team and air .  
The reac tor  w a s  e x t e r n a l l y  heated wi th  e l e c t r i c a l  h e a t e r s  and t h e  d a t a  were obtained 
between 977 K and 1069 K.  
pyro lys i s  of steer manure i n  a m u l t i p l e  h e a r t h  r e a c t o r .  
f o r  these  experiments were between 873 K and 1023 K.  Recent ly ,  Beck et a l . ,  (6)  pre- 
sented p a r t i a l  ox ida t ion  d a t a  on manure obta ined  i n  a p i l o t  p l a n t  r e a c t o r .  Steam and 
a i r  were used as t h e  f l u i d i z i n g  medium i n  t h e  450 kg/day p i l o t  p l a n t .  
used was 0.15 m (6") i n  diameter  and had an a x i a l  temperature  v a r i a t i o n  of about 500 K. 
The da ta  were presented  f o r  an average temperature  of about  870 K i n  t h e  r e a c t o r .  
Howard et a l . ,  (7) have r e c e n t l y  completed a comparative s t u d y  on t h e  g a s i f i c a t i o n  of a 
v a r i e t y  of biomass m a t e r i a l s  ( i n c l u d i n g  manure) i n  a 0.5 m I D  f l u i d  bed p i l o t  p l a n t .  
They examined t h e  i n f l u e n c e  of f l u i d i z a t i o n  v e l o c i t y  and r e a c t o r  loading  and g a s i f i e r  
performance. 

Mikesel l  e t  a l . ,  (5) r e p o r t e d  l i m i t e d  d a t a  on t h e  f l a s h  
The o p e r a t i n g  temperatures  

The r e a c t o r  

To proper ly  des ign  a system f o r  the  g a s i f i c a t i o n  of manure or other  biomass, i t  
is necessary t o  develop s y s t e m a t i c  d a t a  base  which i n c l u d e s  t h e  e f f e c t  of o p e r a t i n g  
temperature, feed s i z e ,  s u p e r f i c i a l  gas v e l o c i t y  and perhaps o t h e r  v a r i a b l e s  on t h e  
g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  These would b e  most u s e f u l  i f  ob ta ined  on a p i l o t  p l a n t  
s c a l e .  The o b j e c t i v e s  of t h e  present  work w e r e  t o  conduct g a s i f i c a t i o n  experiments 
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with  manure i n  a f l u i d i z e d  bed reactor and t o  assess t h e  inf luence  of  the  feed s i z e  
f r a c t i o n  and  s u p e r f i c i a l  gas  v e l o c i t y  on t h e  fol lowing:  
2)  h i g h e r  h e a t i n g  va lue  of t h e  produced g a s ;  and 3) produced gas y i e l d .  The opera- 
t i n g  temperature  was a l s o  v a r i e d  i n  t h e  experiments .  

1) produced gas composition; 

EXPERIMENTAL 

F a c i l i t i e s  

The p i l o t  p l a n t  f a c i l i t y  used f o r  t h e  g a s i f i c a t i o n  of  manure is shown schemati- 
c a l l y  i n  Figure 1. The p i l o t  p l a n t  c o n s i s t e d  of  t h e  fol lowing seven components: 1) 
the  r e a c t o r ,  2) a screwfeeder ,  3) a cyc lone  s e p a r a t o r ,  4)  a Venturi  s c r u b b e r ,  5)  a n  
a f t e r b u r n e r ,  6) a c o n t r o l  and i n s t r u m e n t a t i o n  panel  and 7) a gas sampling t r a i n .  

I 

, 
The r e a c t o r  w a s  cons t ruc ted  from h e a t  r e s i s t a n t  s t a i n l e s s  steel  310 a l l o y .  The 

r e a c t o r  proper  had an I.D. of 0 .23  m (9") with  an expanded freeboard of 0 .41  m (16") 
I . D .  
r e a c t o r  (plenum) generated t h e  gas f o r  f l u i d i z a t i o n  by t h e  combustion of propane under 
s t a r v i n g  a i r  condi t ions .  Water w a s  a l s o  i n j e c t e d  i n t o  t h e  plenum s e c t i o n  a s  necessary 
t o  maintain t h e  temperature  below 1250 K and t o  supply a d d i t i o n a l  gas  f o r  f l u i d i z a t i o n .  
A sampling p o r t  w a s  provided a t  t h e  plenum s e c t i o n  t o  permit  monitor ing of t h e  composi- 
t i o n  o f  t h e  f l u i d i z i n g  gas. Supplemental h e a t  ( a s  needed) f o r  o p e r a t i o n  was t rans-  
f e r r e d  across  t h e  w a l l s  of a r a d i a n t  j a c k e t  surrounding t h e  r e a c t o r .  A burner  wi th  a 
duty of  105.5 M / h r  (100,000 BTU/hr) suppl ied  h e a t  t o  t h e  j a c k e t  u s i n g  n a t u r a l  gas as 
the  f u e l .  The d i s t r i b u t o r  p l a t e  f o r  t h e  r e a c t o r  w a s  made from a 3 mm t h i c k  316 s t a i n -  
less s teel  p l a t e  and had 844 h o l e s  of  1 .5  m diameter .  The r e a c t o r  was w e l l  i n s u l a t e d  
wi th  a minimum of 0 .1  m of Kao Wool and had adequate  temperature  and p r e s s u r e  measuring 
elements loca ted  a t  v a r i o u s  s t r a t e g i c  p o i n t s .  
s i l i c a  sand w a s  used as t h e  bed material. 
p a r t i c l e  s i z e  of 0.55 mm w a s  used t o  g i v e  a s t a t i c  bed h e i g h t  of 0 .6  m ( 2 4 " ) .  
flow p i p e  f o r  withdrawing s o l i d  samples from t h e  bed was provided on the  r e a c t o r  as 
shown i n  Figure 1. 

A burner  with a duty of 47.5 W / h r  (45,000 BTU/hr) loca ted  a t  t h e  bot tom of t h e  

An i n e r t  mat r ix  composed pr imar i ly  of  

An over- 
Approximately 45 kg of sand  wi th  a mean 

The s o l i d s  t o  be  g a s i f i e d  were f e d  i n t o  t h e  bed through a feed p i p e  of 0.075 m 
(3") diameter ,  which d ischarged  t h e  feed  j u s t  above t h e  expanded bed s u r f a c e .  
m a t e r i a l  was d e l i v e r e d  t o  t h e  feed p i p e  from a s e a l e d  hopper wi th  a v a r i a b l e  speed 
screw feeder .  
t a i n  a p o s i t i v e  p r e s s u r e  on t h e  feed  hopper as w e l l  as t h e  feed p i p e  so as t o  prevent  
t h e  backflow of  of f -gas  i n t o  t h e  f e e d e r  and subsequent  condensat ion i n  t h e  feeder .  
The off-gas  from t h e  r e a c t o r  w a s  withdrawn from t h e  top  and passed through a cyclone 
s e p a r a t o r  f o r  removing t h e  e n t r a i n e d  s o l i d  p a r t i c l e s  which were c o l l e c t e d  i n  a 
r e c e i v e r  loca ted  below t h e  cyclone.  
diameter  of 5 micrometers. 
cyclone f o r  monitor ing t h e  composi t ion of t h e  r e a c t o r  off-gas .  
from t h e  cyclone was then  s e n t  i n t o  a Ventur i  s c r u b b e r ,  which served t o  quench t h e  
off-gas  and remove condens ib les .  The scrubber  was te  water w a s  discharged t o  t h e  sewer 
and t h e  scrubbed gases  were s e n t  t o  a n  a f t e r b u r n e r .  The a f t e r b u r n e r  served as a f l a r e  
s t a c k  which permit ted t h e  gas t o  d i s c h a r g e  t o  the  atmosphere a f t e r  i n c i n e r a t i o n .  

The feed 

A purge s t ream of about  0.36 cubic  meter /hr  of  helium was used t o  main- 

The cyc lone  could remove p a r t i c l e s  up t o  a 
A gas sampling poin t  w a s  provided a t  t h e  i n l e t  of  t h e  

The s o l i d s  f r e e  gas 

A l l  the  temperature  and flow measuring ins t ruments  and t h e  temperature  recorder  
Control  loops wi th  alarms were f o r  t h e  p i l o t  p l a n t  were mounted on a c o n t r o l  panel. 

provided to ensure  safe opera t ion .  
monitor  t h e  temperatures  a t  s e v e r a l  l o c a t i o n s ,  inc luding  t h e  plenum s e c t i o n ,  t h e  
r a d i a n t  s e c t i o n ,  t h e  p o r t i o n  j u s t  above t h e  d i s t r i b u t o r ,  t h e  middle p o r t i o n  of t h e  
r e a c t o r ,  and t h e  freeboard s e c t i o n .  

A twelve poin t  s t r i p  c h a r t  r e c o r d e r  w a s  used t o  

A sampling t r a i n  w a s  cons t ruc ted  t o  c o l l e c t  samples o f  t h e  plenum gas as w e l l  as 
The sample stream w a s  passed through a series o f  g l a s s  conden- t h e  r e a c t o r  off-gas .  

s e r s  and condensate r e c e i v e r s  p e r m i t t i n g  t h e  s e p a r a t i o n  of condensibles  from the  
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sample b o t t l e ,  and subsequent ly  i n c i n e r a t e d .  ! 
Feed Mater ia l  Prepara t ion  

The manure used w a s  c o l l e c t e d  from paved f e e d l o t s  a t  Kansas S t a t e  Univers i ty’s  
Beef Research Center .  The manure had a mois ture  conten t  of  about  80% and w a s  subse- 
quent ly  f l a s h  d r i e d  t o  reduce t h e  mois ture  conten t  t o  about  8%. The dry manure was 
s ieved  t o  o b t a i n  t h r e e  s i z e  f r a c t i o n s ,  namely; -2 + 8 mesh (0.45 cm), -8 + 14 mesh 
(0.19 cm) and -14 + 40 mesh (0.09 cm). The u l t i m a t e  a n a l y s e s  of t h e  t h r e e  s i z e s  of 
manure are presented  in Table 1. 

Procedure 

The r e a c t o r  w a s  i n i t i a l l y  heated t o  t h e  d e s i r e d  o p e r a t i n g  tempera ture  us ing  both  
t h e  plenum and r a d i a n t  burners .  The temperatures  i n  var ious  p a r t s  of  t h e  r e a c t o r  were 
monitored t o  e s t a b l i s h  a s t a b l e  s t a r t i n g  condi t ion .  The propane used i n  t h e  plenum 
burner  w a s  burn t  under s t a r v i n g  a i r  condi t ions  t o  ensure a n  oxygen d e f i c i e n t  atmos- 
phere i n  t h e  r e a c t o r .  
a n a l y s i s  b e f o r e  a run  was i n i t i a t e d .  Over t h e  course of t h e  sampling per iod ,  conden- 
s a t e  w a s  c o l l e c t e d  f o r  a measured volume of  t h e  burner  gas  ( s a t u r a t e d  a t  t h e  meter ing  
condi t ions)  t o  determine t h e  water conten t  of t h e  f l u i d i z i n g  gas. 

Gas samples ( 2  o r  3)  were taken from t h e  plenum s e c t i o n  f o r  

Manure w a s  in t roduced  i n t o  t h e  r e a c t o r  a t  a cont inuous p r e s p e c i f i e d  r a t e ,  and t h e  
Samples of  t h e  r e a c t o r  o f f -  temperature  p r o f i l e  of t h e  r e a c t o r  w a s  c l o s e l y  monitored. 

gas were taken wi th  t h e  s imultaneous c o l l e c t i o n  of  condensate .  
minutes t o  one hour .  Feeding was then  terminated and t h e  char  c o l l e c t e d  i n  t h e  
cyclone w a s  weighed. Samples of  t h e  cyclone char  were reserved  f o r  a n a l y s i s .  A f t e r  
t h e  completion of each run,  t h e  char  r e t a i n e d  i n  t h e  r e a c t o r  was burn t  wi th  excess  a i r  
and t h e  a s h  produced w a s  e l u t r i a t e d  from t h e  bed and c o l l e c t e d  i n  t h e  cyclone.  
sample of t h e  ash genera ted  w a s  a l s o  reserved  f o r  a n a l y s i s .  

Run d u r a t i o n s  w e r e  30 

A 

The flow rates of t h e  propane, a i r  and i n j e c t i o n  w a t e r  w e r e  noted dur ing  each run. 
The s o l i d  feed  rate was determined by t h e  d i f f e r e n c e  i n  weights  of s o l i d s  i n  t h e  hopper 
b e f o r e  and a f t e r  t h e  experiment. For each of t h e  runs ,  t h e  gas samples w e r e  drawn 
a f t e r  f l u s h i n g  t h e  sample b o t t l e s  f o r  about  f i v e  minutes. The volumetr ic  flow of  gas 
through t h e  w e t  test meter and t h e  p r e s s u r e  and t h e  temperature  of  t h e  w e t  test meter 
were noted. The condensates  c o l l e c t e d  were measured volumetr ica l ly .  

Chemical Analysis  

Gas a n a l y s i s  w a s  accomplished us ing  a Packard Model 417 Becker Gas Chromatograph 
equipped w i t h  thermal  conduct iv i ty  d e t e c t o r s .  
Hg, CO, CO2, CH49 C H49 C2H6, C3Hg, C H 
5A molecular  s i e v e  ?or t h e  separa  ion30a’H2~ A2,  N , CO, and CH4, w h i l e  t h e  remaining 
components were separa ted  u s i n g  a column of Porapaz Q w i t h  a s h o r t  l ead  s e c t i o n  of 
Porapak R t o  s h i f t  the  r e t e n t i o n  of water. The chromatograph w a s  opera ted  i so thermal ly  
a t  80°C wi th  hel ium as a carrier gas. The instrument  w a s  c a l i b r a t e d  w i t h  purchased 
c a l i b r a t i o n  mixtures .  S o l i d  materials were analyzed w i t h  r e s p e c t  t o  t h e i r  e lemental  
composition (C, H,  N ,  0) u s i n g  a Perkin-Model 240 Elemental Analyzer. The ash  
a n a l y s i s  w a s  performed according t o  t h e  s tandard  ASTM procedure i n  a muff le  furnace  
and t h e  moisture  conten t  w a s  determined by dry ing  t h e  samples i n  an oven f o r  3 hours 
a t  373 K. The composi t ions of t h e  s o l i d s  a n i  gases  given i n  t h i s  s tudy  r e p r e s e n t  t h e  
average of a t  least t w o  de te rmina t ions .  

The gas components of  i n t e r e s t  included 
H S N 2  and 02. Column packings used were a 

Operat ing Condit ions 

Gasif:-cation experiments  were conducted by vary ing  t h e  o p e r a t i n g  t e n p e r a t u r e ,  t h e  
feed s i z e  f r a c t i o n  and the  gas s u p e r f i c i a l  v e l o c i t y .  The a r i t h m e t i c  average 
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between t h e  bed temperature  and t h e  f reeboard  temperature  w a s  taken as t h e  opera- 
t i n g  temperature  of  t h e  r e a c t o r .  
ture w a s  less than t h e  bed tempera ture .  
observed i r ,  t h i s  s tudy  w a s  120  K and t h e  averaqp temperature  d i f f e r e n c e  was 89 K.  
A sumnary of t h e  o p e r a t i n a  condi t ions  i s  uresented i n  Table 2 .  

In a l l  the experiments ,  t h e  f reeboard tempera- 
The maximum temuerature  d i f f e r e n c e  

Data Analysis  

Mass ba lance  c a l c u l a t i o n s  were f i r s t  performed on t h e  plenum b u r n e r  us ing  t h e  
a n a l y s i s  of  t h e  dry plenum g a s ,  t h e  condensa te  c o l l e c t e d  and t h e  f low rates of pro- 
pane, a i r  and i n j e c t i o n  water .  The f low r a t e  of t h e  d r y  burner  gas e n t e r i n g  t h e  
r e a c t o r  w a s  computed by performing a n i t r o g e n  ba lance  around t h e  burner .  An over- 
a l l  n i t r o g e n  ba lance  on t h e  r e a c t o r  w a s  then used t o  e v a l u a t e  t h e  d r y  of f -gas  flow 
rate wi th  the  a i d  of t h e  of f -gas  a n a l y s i s .  For computing t h e  amount of gas pro- 
duced from t h e  manure, i t  was assumed t h a t  t h e  burner  gas  d i d  not  s i g n i f i c a n t l y  
t a k e  p a r t  i n  t h e  r e a c t i o n s .  
w e r e  computed as  the  d i f f e r e n c e  between t h e  dry  off-gas  and t h e  dry burner  gas .  

The y i e l d  and t h e  composition of t h e  d r y  produced gas 

From t h e  condensate  c o l l e c t e d  f o r  a u n i t  volume o f  t h e  burner  gas ,  the  t o t a l  

S i m i l a r l y ,  t h e  condensa te  a s s o c i a t e d  wi th  t h e  dry  off-gas  was 
water conten t  of t h e  burner  gas  w a s  computed us ing  t h e  volumetr ic  flow r a t e  of t h e  
dry  burner  gas. 
computed from t h e  volumetr ic  flow r a t e  of  the  dry off-gas  and t h e  condensate  d a t a  
obta ined  f o r  a u n i t  volume of t h e  dry of f -gas .  The l i q u i d  produced dur ing  g a s i f i -  
c a t i o n  was computed as t h e  d i f f e r e n c e  between t h e  two a f t e r  making a p p r o p r i a t e  
c o r r e c t i o n s  f o r  t h e  w a t e r  of s a t u r a t i o n  of  t h e  metered gases .  

T o  complete t h e  o v e r a l l  m a t e r i a l  ba lance  around t h e  r e a c t o r ,  i t  w a s  
necessary t o  know t h e  t o t a l  amount of char  produced. Since a p o r t i o n  o f  t h e  
c h a r  w a s  r e t a i n e d  i n  t h e  bed, i t  was necessary  t o  e s t a b l i s h  a procedure f o r  eval-  
u a t i o n  of the  t o t a l  c h a r  genera ted .  Attempts were made t o  estimate t h e  char  i n  
t h e  bed by performing an i n e r t  ba lance  on t h e  ash  produced dur ing  combustion and 
t h e  char .  This method w a s  n o t  very s a t i s f a c t o r y  s i n c e  s u b s t a n t i a l  amounts of  t h e  
a s h  w e r e  c a r r i e d  pas t  t h e  cyclone t o  t h e  scrubber  and dra in .  From experimental  
observa t ions ,  it was found t h a t  f o r  any  run, t h e  elemental  a n a l y s i s  of t h e  
cyc lone  char  and t h e  c h a r  r e t a i n e d  i n  t h e  r e a c t o r  agreed wi th  each other  c l o s e l y .  
Hence, t h e  char  r e t a i n e d  i n  t h e  bed was assumed t o  have the  same composi t ion a s  
t h a t  o f  t h e  cyclone char .  The t o t a l  c h a r  produced w a s  es t imated  us ing  t h e  u l t i -  
mate a n a l y s i s  of char  and feed coupled wi th  a n  ash  ba lance  on t h e  r e a c t o r .  This  
procedure was subsequent ly  checked w i t h  a p e l l e t i z e d  feed  m a t e r i a l ,  whose c h a r  
could b e  s e p a r a t e d  o u t  from t h e  i n e r t  s o l i d s  i n  t h e  bed.  The check i n d i c a t e d  
t h a t  t h e  i n e r t  ba lance  w a s  a s a t i s f a c t o r y  approach. 

RESULTS AND DISCUSSION 

Approximately 100 experiments  were conducted, 45 each f o r  t h e  -8 + 14 mesh 
and -14 + 40 mesh f r a c t i o n s  and t h e  remainder  f o r  t h e  -2  + 8 mesh f r a c t i o n .  For 
each run ,  material ba lance  c a l c u l a t i o n s  were performed t o  e v a l u a t e  t h e  q u a n t i t y  
and t h e  composition o f  t h e  produced gas .  Mater ia l  b a l a n c e  c l o s u r e  ranged from 
80-115% wi th  most runs  c l o s i n g  t o  b e t t e r  than 90%. The higher  h e a t i n g  v a l u e  of 
t h e  produced gas was c a l c u l a t e d  from its composition and t h e  h e a t i n g  va lues  of 
t h e  i n d i v i d u a l  components. 
s i z e  f r a c t i o n  were a s s e s s e d  from t h e  r e s u l t s  ob ta ined .  

- Product  G a s  Composition 

The e f f e c t s  of s u p e r f i c i a l  gas v e l o c i t y  and t h e  feed 

To examine t h e  i n f l u e n c e  of gas s u p e r f i c i a l  v e l o c i t y  on t h e  c o n c e n t r a t i o n s  
o f  t h e  i n d i v i d u a l  components o f  t h e  produced gas ,  d a t a  obtained a t  d i f f e r e n t  
s u p e r f i c i a l  v e l o c i t i e s  were p l o t t e d  a g a i n s t  t h e  o p e r a t i n g  temperature  f o r  a given 
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feed s i z e  f r a c t i o n .  These p l o t s ,  presented i n  F igures  2 and 3 ( f o r  t h e  -8 + 14 
mesh and t h e  -14 + 40 mesh s i z e s )  showed a minimal s c a t t e r  (+1%) i n d i c a t i n g  t h a t  
f o r  t h e  range i n v e s t i g a t e d ,  t h e  gas s u p e r f i c i a l  v e l o c i t y  d i d  not  have a d iscern-  
i b l e  i n f l u e n c e  on t h e  produced gas composition. 
t h e  subsequent ones,  t h e  a c t u a l  d a t a  p o i n t s  a r e  n o t  shown f o r  t h e  sake of  
s i m p l i c i t y .  

I n  t h e s e  two p l o t s  a s  w e l l  a s  i n  

The e f f e c t  of t h e  s i z e  f r a c t i o n  used on t h e  composi t ion of  t h e  produced gas  
can be  assessed  by comparing Figures  2 and 3. 
comparison shows t h a t  t h e  concent ra t ions  of C2H6and C H a r e  very c l o s e  t o  each 
o t h e r  f o r  t h e  two feed s i z e  f r a c t i o n s .  
show s i m i l a r  t rends  i n  both c a s e s .  
wi th  each o t h e r  up t o  an o p e r a t i n g  temperature  of  about  950 K. 
p e r a t u r e ,  t h e  d i f f e r e n c e s  are more pronounced. The concent ra t ions  of H and CO 
complement each o t h e r  i n  t h e  two p l o t s .  
o f f s e t  by a lower v a l u e  of CO concent ra t ion  and v i c e  v e r s a .  It can a l s o  b e  seen  
t h a t  t h e  concent ra t ion  of C02 goes through a minimum i n  t h e  two f i g u r e s  wi th  t h e  
numerical va lues  f o r  t h e  two s i z e  f r a c t i o n s  be ing  d i s t i n c t l y  d i f f e r e n t .  

For a given opera t ing  temperature ,  

The concentrazi&x of CH4, C2H4 and C02 
Thei r  numerical  v a l u e s  a r e  i n  good agreement 

Beyond t h i s  t e m -  

A higher  v a l u e  of H 2  concentragion is  

Figure  2 shows t h a t  f o r  t h e  -8 + 14 mesh s i z e  f r a c t i o n ,  t h e  concent ra t ion  of 
H2 i n  t h e  produced gas var ied  between 19% and 35% and t h a t  of CO var ied  between 
20% and 25%. In Figure  3 i t  can be  seen  t h a t  f o r  t h e  -14 + 40 mesh s i z e  f r a c t i o n ,  
t h e  concent ra t ion  of H2 v a r i e d  between 15% and 50% and t h a t  of CO between 25% and 
15%. These two f i g u r e s  sugges t  t h a t  t h e r e  i s  a d i s t i n c t  d i f f e r e n c e  i n  t h e  concen- 
t r a t i o n s  of  CO,  H2 and C02 from t h e  two s i z e  f r a c t i o n s .  
+ 8 mesh s i z e  f r a c t i o n  d i d  not  show an apprec iab le  d i f f e r e n c e  from t h e  r e s u l t s  f o r  
t h e  -8 + 14 mesh f r a c t i o n .  

Limited da ta  f o r  t h e  -2  

Heat ing Value 

In  F igure  4 t h e  h igher  h e a t i n g  v a l u e  of t h e  gas produced a t  d i f f e r e n t  gas 
s u p e r f i c i a l  v e l o c i t i e s  i s  p l o t t e d  a g a i n s t  t h e  o p e r a t i n g  temperature .  
seen t h a t  t h e  h e a t i n g  va lues  go through d e f i n i t e  maxima and then diminish.  As i n  
t h e  case  of t h e  produced gas composi t ion,  f o r  a given feed s i z e  f r a c t i o n ,  t h e  gas 
s u p e r f i c i a l  v e l o c i t y  d id  not have a s i  i f i c a n t  i n f l u e n c e  on t h e  h e a t i n g  va lues .  
The d e v i a t i o n  observed was 5 0.8 MJ/Nm'(+ 25 BTU/SCF). 

It can b e  

By comparing t h e  two curves i n  F igure  4 ,  t h e  e f f e c t  of  t h e  s i z e  f r a c t i o n  on 
t h e  h e a t i n g  va lue  of  t h e  produced gas can b e  assessed .  For t h e  s i z e  f r a c t i o n  of -8 
+ 14 mesh, t h e  h e a t i n g  va lue  increases  from 10.43 MJ Nm3 (280 BTU/SCF) t o  19.75 MJ/ 

t u r e  range s t u d i e d .  I n  t h e  case of -14 + 40 mesh f r a c t i o n ,  t h e  h e a t i n g  value 
increases  from 13.04 MJ Nm3 (350 BTU/SCF) t o  18.26 MJ/Nm3 (490 BTU/SCF) and then 

f r a c t i o n  may have a marginal  i n f l u e n c e  on t h e  h e a t i n g  v a l u e  of t h e  produced gas. 
This  t rend  was confirmed when t h e  d a t a  w e r e  compared w i t h  a l i m i t e d  number of d a t a  
obtained f o r  a -2 + 8 mesh f r a c t i o n  of manure as shown i n  F igure  4. 
of t h e  h e a t i n g  v a l u e  curves f o r  t h e  t h r e e  s i z e  f r a c t i o n s  i n d i c a t e s  t h a t  t h e  smaller  
t h e  s i z e ,  t h e  lower t h e  h e a t i n g  v a l u e  of t h e  produced gas  a t  temperatures  above 900 K 
?he peak of t h e  h e a t i n g  v a l u e  curve shows a s h i f t  t o  t h e  r i g h t  as t h e  q i z e  f r a c t i o n  
becomes l a r g e r .  A l s o ,  as s i z e  i n c r e a s e s ,  t h e  peaks become narrower. 

Nm3 (530 BTU/SCF) and then diminishes  t o  13.41 MJ/Nm 4 (360 BTU/SCF) over  t h e  tempera- 

decreases  t o  12.3 M J / N m  4 (330 BTU/SCF). These d a t a  i n d i c a t e  t h a t  the  feed s i z e  

A comparison 

Produced Gas Yield 

F igure  5 p r e s e n t s  p l o t s  of t h e  y i e l d  o f  dry produced gas (on a dry  ash f r e e  
The d a t a  p o i n t s  f o r  a b a s i s )  versus  temperature  f o r  t h e  d i f f e r e n t  s i z e  f r a c t i o n s .  

given s i z e  f r a c t i o n  showed a f a i r  amount of s c a t t e r .  The s c a t t e r  was such t h a t  bands 
of I O . 2 5  Nm3/kg about t h e  l i n e s  shown i n  F igure  5 w e r e  needed t o  conta in  t h e  d a t a  f o r  
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a given s i z e  f r a c t i o n .  
s u p e r f i c i a l  v e l o c i t y  v a r i a t i o n s  w e r e  r e s p o n s i b l e  f o r  t h e  s c a t t e r  observed. The 
average y i e l d  of dry produced gas ranges  from 0.13 Nm3/kg (2.1 SCF/lb) a t  820 K t o  
0.86 Nm3/kg (13.8 SCF/lb) a t  1020 K f o r  t h e  -14 + 40 mesh f r a c t i o n .  
f r a c t i o n  t h e  average y i e l d  ranges from 0.04 Nm3/kg (0.6 SCF/lb) a t  820 K t o  0.72 Nm3/ 
kg (11.5 SCF/lb) a t  1020 K. 
a l s o  presented i n  F igure  5. 
y i e l d s  w i t h  smaller feed  s i z e  f r a c t i o n .  

There were no d i s c e r n i b l e  t r e n d s  i n  the  d a t a  t o  sugges t  t h a t  

For t h e  -8 + 1 4  

A l i m i t e d  amount of d a t a  f o r  t h e  - 2  + 8 s i z e  f r a c t i o n  a r e  
The comparison shows a d e f i n i t e  tendency f o r  h igher  gas 

A simple conceptual  model f o r  t h e  g a s i f i c a t i o n  of  manure can  b e  envis ioned t o  
c o n s i s t  of t h e  fo l lowing  s t e p s :  1) D e v o l a t i l i z a t i o n  of t h e  s o l i d  t o  form char  and 
v o l a t i l e  mat te r ;  2 )  Thermal c racking  of heavy v o l a t i l e s  t o  produce l i g h t  components 
and c h a r  (carbon depos i t ion)  and gas  phase water-gas and steam-hydrocarbon reac t ions .  
The y i e l d  of t o t a l  v o l a t i l e s  i n  t h e  f i r s t  s t e p  w i l l  d i c t a t e  t h e  l e v e l  of gas y i e l d  
t h a t  can  be obtained from t h e  s o l i d  feed .  The e x t e n t  of thermal  c racking  and o t h e r  
gas phase r e a c t i o n s  o f  t h e  v o l a t i l e s  is determined by t h e i r  time-temperature h i s t o r y .  
These r e a c t i o n s  w i l l  e s t a b l i s h  t h e  f i n a l  r a t i o  of gas t o  l i q u i d  and t h e  gas composition. 

Thermogravimetric s t u d i e s  on manure have i n d i c a t e d  t h a t  t h e  d e v o l a t i l i z a t i o n  s t e p  
starts around 420 K and is  complete around 770 K [Howell, (611. S t a t i s t i c a l  a n a l y s i s  
of a d d i t i o n a l  d a t a  taken  i n  t h i s  l a b o r a t o r y  i n d i c a t e  t h a t  t h e  h e a t i n g  r a t e  employed 
(40 K/min t o  160 K/min) has  no e f f e c t  on t h e  d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i s t i c s .  
A n t a l ' s  work (10) on manure i n d i c a t e s  a s l i g h t  dependence on h e a t i n e  rate (5  I;/min t o  
140 K/min) b u t  t h i s  w a s  not examined t o  determine i f  i t  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t .  
Anthony and Howard ( 9 1 ,  i n  t h e i r  work wi th  c o a l ,  \ave argued t h a t  h i a h  h e a t i n g  r a t e s  
(10,000 K/sec) g i v e  a g r e a t e r  e x t e n t  of d e v o l a t i l i z a t i o n  than  c a n  b e  obta ined  wi th  
normal TGA h e a t i n g  rates. 

S ince  t h e  r a t e  of  h e a t  t r a n s f e r  is very  high i n  t h e  f l u i d  bed (1000 K/sec) and 
normal opera t ing  tempera tures  are w e l l  above those  f o r  completion of  d e v o l a t i l i z a t i o n ,  
i t  can b e  assumed t h a t  t h e  d e v o l a t i l i z a t i o n  s t e p  t a k e s  p l a c e  ins tan taneous ly .  Further  
more, f o r  t h e  range of  temperature  employed, i t  is a n t i c i p a t e d  t h a t  t h e  v a r i a t i o n  i n  
o p e r a t i n g  temperature  has  l i t t l e  e f f e c t  on t h e  e x t e n t  of d e v o l a t i l i z a t i o n .  In t h i s  
work comparisons a r e  made a t  a g iven  o p e r a t i n g  temperature  and even i f  a temperature  
dependence of  t h e  d e v o l a t i l i z a t i o n  d i d  exis t ,  t h e  Dhenomenon would not  be  a v a r i a b l e  
t h a t  in f luenced  t h e  comparison. Consequently t h e  d e v o l a t i l i z a t i o n  phenomenon can b e  
ru led  o u t  a s  a cause f o r  t h e  observed v a r i a t i o n s  i n  gas y i e l d  f o r  a given feed s i z e .  

Anta1 (10) conducted s t u d i e s  of  t h e  vapor phase c racking  r e a c t i o n s  wi th  v o l a t i l e s  
produced from c e l l u l o s e  under c o n d i t i o n s  where t h e  d e v o l a t i l i z a t i o n  phenoma was held 
cons tan t .  He found t h a t  a t  a g iven  temperature ,  t h e  amount of each component i n  t h e  
produced gas w a s  a f f e c t e d  by t h e  r e s i d e n c e  time. H i s  r e s u l t s  i n d i c a t e d  t h a t  f o r  
res idence  t i m e s  up t o  about 5 seconds,  t h e  y i e l d  of t h e  components such as C H 4 ,  CIH6, 
C2H4 and C H increased  d r a m a t i c a l l y  and beyond f i v e  seconds t h e  e f f e c t  was much ess 
pronounced? 6He a l s o  found t h a t  t h e  amount o f  each component increased  wi th  temperature 
and i n  t h e  case of both C3H6 and C2H6 t h e  amounts of each passed through maxima a s  
temperature  increased .  

In the  p r e s e n t  work, t h e  r e s i d e n c e  t i m e  of t h e  gas i n  t h e  r e a c t o r  w a s  ca lcu la ted  
t o  b e  approximately s i x  seconds. The v a r i a t i o n  i n  t h i s  v a l u e  over  t h e  experimental  
range w a s  about  % 1 second. S ince  t h i s  v a l u e  i s  more than f i v e  seconds and t h e  var ia -  
t i o n  observed i s  not  e x t e n s i v e ,  it can  b e  expected t h a t  t h e  gas res idence  time does 
not  have a s i g n i f i c a n t  e f f e c t  on t h e  d a t a .  
observa t ion  t h a t  t h e  s u p e r f i c i a l  v e l o c i t y  of  the  gas ,  which i s  r e l a t e d  t o  t h e  res idence  
t i m e ,  d i d  not have a s i g n i f i c a n t  i n f l u e n c e  on  t h e  gas composi t ion and h e a t i n g  v a l u e  f o r  
a g iven  feed s i z e  f r a c t i o n  and a g iven  g a s i f i c a t i o n  temperature .  However, t h e  y i e l d s  
obta ined  with a given feed s i z e  f r a c t i o n  and temperature  showed a s i g n i f i c a n t  s c a t t e r  

This  i s  cor robora ted  by t h e  experimental  
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which is f a r  beyond t h e  bounds of v a r i a t i o n s  t h a t  can b e  expected on t h e  b a s i s  of 
t h e  v a r i a t i o n s  i n  t h e  time-temperature h i s t o r y  t h a t  t h e  produced gases  experience.  

One p l a u s i b l e  explana t ion  f o r  t h e  observed behavior  might l i e  i n  p o s s i b l e  var ia -  
t i o n s  i n  t h e  feed  make-up as a consequence of s e g r e g a t i o n  e f f e c t s  between ba tches .  
This i s  supported by t h e  observa t ion  made during t h e  test program t h a t  t h e  gas y i e l d  
d a t a  f o r  a given ba tch  of manure w e r e  c o n s i s t e n t  b u t  v a r i e d  from ba tch  t o  b a t c h  f o r  a 
given feed s i z e  and o p e r a t i n g  temperature .  An examination of  t h e  e lementa l  a n a l y s i s  
of t h e  d i f f e r e n t  feed ba tches  d id  n o t  i n d i c a t e  s i g n i f i c a n t  v a r i a t i o n s  i n  e lemental  
composition. Since manure cons is ted  of a mixture of s t a l k s ,  h u l l s  and o t h e r  p l a n t  
m a t e r i a l s ,  i t  w a s  next  decided t o  examine p o s s i b l e  v a r i a t i o n s  i n  t h e  c e l l u l o s e  content  
of these  components. Whis t le r  and Smart (11) i n d i c a t e  t h a t  a cons iderable  v a r i a t i o n  
i n  c e l l u l o s e  conten t  e x i s t s  f o r  d i f f e r e n t  p a r t s  of a p l a n t  as w e l l  as between d i f f e r e n t  
types of vege ta t ion .  For example, l eaves  conta in  10-20% c e l l u l o s e ,  s t a l k s ,  40-50%, 
h u l l s ,  35% and cobs, 40% c e l l u l o s e .  Consequently s e g r e g a t i o n  phenomena between batches 
could give rise t o  feeds  wi th  d i f f e r e n t  c e l l u l o s e  conten t .  

The inf luence  of c e l l u l o s e  conten t  on t h e  d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i c s  of 
biomass materials was then  examined. Howard et  a l .  ( 7 )  repor ted  on t h e  maximum o i l  
y i e l d  o b t a i n a b l e  from d i f f e r e n t  biomass m a t e r i a l s .  
r e l a t e d  t o  t h e  e x t e n t  of d e v o l a t i l i z a t i o n  t h a t  w i l l  t a k e  p l a c e  f o r  a given m a t e r i a l .  
In t h e i r  work wi th  paper ,  sawdust and mixtures  of t h e  two, i t  was observed t h a t  t h e  
maximum o i l  y i e l d  increased  i n  t h e  o r d e r  sawdust, mixture ,  paper .  The c e l l u l o s e  
content  i n c r e a s e s  i n  t h e  same order .  Thei r  s tudy does not  r e l a t e  t h i s  observa t ion  
t o  t h e  gas y i e l d ,  unfor tuna te ly .  

The maximum o i l  y i e l d  can b e  

In order  t o  examine t h i s  dependence f u r t h e r ,  l i m i t e d  d a t a  on t h e  c e l l u l o s e  con- 
t e n t ,  TGA a n a l y s i s  and gas y i e l d s  f o r  c e l l u l o s e ,  paper hardwood, softwood, manure 
and c o a l  were compared. Table 3 presents  the  summary of  t h e  TGA results obta ined  by 
Antal  (10) f o r  c e l l u l o s e ,  paper  and wood and by Howell (8) f o r  manure and c o a l .  The 
c e l l u l o s e  conten t  as w e l l  as t h e  r e l a t i v e  gas y i e l d  f o r  some of t h e s e  m a t e r i a l s  are 
a l s o  presented f o r  comparison. The r e l a t i v e  gas y i e l d  is  f o r  970 K with  t h e  r e s u l t  
f o r  c e l l u l o s e  from Antal  (10) and t h e  remaining va lues  from t h i s  l a b o r a t o r y .  As 
t h e s e  l imi ted  d a t a  i n d i c a t e ,  i t  appears  t h a t  t h e  TGA r e s u l t s ,  gas y i e l d s  and c e l l u -  
l o s e  conten t  show t h e  same t r e n d s  implying t h a t  i n c r e a s i n g  c e l l u l o s e  conten t  may 
c o r r e l a t e  wi th  i n c r e a s i n g  d e v o l a t i l i z a t i o n .  This p o s s i b l e  c o r r e l a t i o n  needs t o  be  
examined f u r t h e r .  

It i s  q u i t e  p o s s i b l e  i n  t h i s  work, t h a t  between ba tches ,  t h e  c e l l u l o s e  conten t  
of t h e  manure feed  could have been d i f f e r e n t  due t o  segrega t ion .  This  d i f f e r e n c e  
could very w e l l  be r e s p o n s i b l e  f o r  t h e  scatter observed i n  t h e  produced gas  y i e l d  
f o r  a given feed  s i z e  f r a c t i o n .  In view of t h i s ,  cau t ion  should b e  exerc ised  i n  
i n t e r p r e t i n g  t h e  i n f l u e n c e  of  p a r t i c l e  s i z e  on t h e  g a s i f i c a t i o n  c h a r a c t e r i s t i c s  of 
biomass. 

For t h e  d i f f e r e n t  feed  s i z e  f r a c t i o n s ,  v a r i a t i o n s  i n  t h e  m a t e r i a l  make-up were 
evident .  
The -8 + 14 mesh s i z e  f r a c t i o n  w a s  s p h e r i c a l  i n  shape and had a small amount o f  
undigested g r a i n ,  whereas t h e  s i z e  f r a c t i o n  of  -14 + 40 mesh w a s  comprised of f i n e  
s t r a n d s  of s t a l k s .  

The -2 + 8 mesh s i z e  f r a c t i o n  cons is ted  of h u l l s  and undiges ted  g r a i n .  

The d i f f e r e n c e s  in h e a t i n g  v a l u e  and y i e l d  observed f o r  d i f f e r e n t  s i z e  f r a c t i o n s  
could w e l l  b e  due t o  v a r i a t i o n s  i n  material make-up a lone  b u t  i t  cannot  be ru led  out 
t h a t  p a r t i c l e  s i z e  may a l s o  have some inf luence .  Maa and Bai ley ( 1 2 )  i n  t h e i r  s tudy 
on c e l l u l o s i c  materials, theor ized  t h a t  f o r  p a r t i c l e  s i z e s  l e s s  t h a n  0.2 cm i n  diam- 
eter, pyro lys i s  is r e a c t i o n  c o n t r o l l e d  and t h e  p a r t i c l e  s i z e  has  no inf luence .  In 
t h e  present  s tudy  t h e  s i z e  f r a c t i o n  -14 + 40 mesh (0 .09 cm)  f a l l s  below t h i s  va lue ,  
t h e  s i ze  f r a c t i o n  -8 + 14 mesh (0.19 cm) is marginal ly  below, w h i l e  t h e  s i z e  f r a c t i o n  
-2  + 8 mesh (0.45 cm) is above t h e  0.2 cm s i z e  s t i p u l a t e d  by Maa and Bai ley .  
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Consequently f o r  th is  s t u d y  s i z e  e f f e c t s  should not be important  f o r  t h e  s m a l l e s t  s i z e  
f r a c t i o n  but  may b e  i n t r u d i n g  f o r  t h e  o t h e r  two s i z e s ,  e s p e c i a l l y  t h e  l a r g e s t  s i z e .  

CONCLUSIONS 

Gas i f ica t ion  s t u d i e s  were conducted wi th  d i f f e r e n t  s i z e  f r a c t i o n s  of manure 
p a r t i c l e s  i n  a f l u i d i z e d  bed r e a c t o r .  
feed  s i z e  f r a c t i o n  on t h e  g a s i f i c a t i o n  were s t u d i e d  a t  d i f f e r e n t  o p e r a t i n g  tempera- 
t u r e s .  
t h e  composition and h e a t i n g  v a l u e  of t h e  produced gas .  
have a d e f i n i t e  i n f l u e n c e  o n  t h e  composi t ion,  h e a t i n g  v a l u e  and y i e l d  of t h e  produced 
gas. 
decreases  a s  t h e  s i z e  f r a c t i o n  becomes smaller. I n  t h e  conduct of t h e  experiments 
cons iderable  s c a t t e r  was observed i n  t h e  gas y i e l d  obtained wi th  d i f f e r e n t  ba tches  of 
feed f o r  a g iven  o p e r a t i n g  condi t ion .  A p o s s i b l e  explana t ion  f o r  t h i s  behavior  i s  
o f f e r e d  which sugges ts  t h a t  s e g r e g a t i o n  phenomenon between ba tches  of feed and SUbSe- 
quent v a r i a t i o n s  i n  t h e  c e l l u l o s e  conten t  of t h e  ba tch  may be  primary f a c t o r s  in f lu-  
enc ing  t h e  observed s c a t t e r .  The apparent  c o r r e l a t i o n  between t h e  c e l l u l o s e  content  
and t h e  gas y i e l d  needs f u r t h e r  examinat ion.  
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Figure 1 .  Flow scheme of  
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the P i l o t  p l a n t .  

Table 1 .  Elemental Analyses of t h e  Feed 

- 2  + 8 mesh -8 + 14  mesh 
(wt %) (wt %) 

43 .1  

3.0 
26.5 

16 .8  

5.8 

4 . 8  

38.9 
5 . 4  
3 . 1  

30.4 
9 . 4  

1 2 . 8  

-14 + 40 mesh 
(wt  % I .  

4 1 . 1  
5 . 2  
3 . 3  

30.0 
6 . 6  

13 .8  
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Table 2. Summary of Operat ing Conditions 

-14 + 40 Mesh 

5.1 t o  31.8 

900 t o  980 800 t o  1040 800 t o  1040 

-2  + 8 Mesh -8 + 1 4  Mesh 

Feed Rate (kg/hr )  11.0 t o  17 .2  11.9 t o  30.2 

Reactor  Temperature (K) 

S u p e r f i c i a l  Gas Veloc i ty  (m/sec) 0 .31  t o  0.37 0.33 t o  0.45 

Feed Size F r a c t i o n  

0.33 t o  0.45 

I n j e c t i o n  Water Rate (kg/hr )  2.0 t o  2.5 2.0 t o  3.5 2.0 t o  3.5 

Table  3 .  D e v o l a t i l i z a t i o n  C h a r a c t e r i s t i c s  of 
D i f f e r e n t  M a t e r i a l s  

Mater ia l s  

C e l l u l o s e  

Paper  

Cherry 
(Hardwood) 

P ine  
(Softwood) 

Cane 
(Sorghum) 

Manure 

Coal 

T o t a l  D e v o l a t i l i z a t i o n  
(weight 56) 

90 

85 

80 

70 

55-60 

30 

R e l a t i v e  C e l l u l o s e  
gas  y i e l d  cont  en t  

(weight X) 

11 

- 

7 

5 

3 

100 

58 

35-50 

0 
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Figure 2. Produced gas composition versus temperature for -8 + 14 mesh size. 
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Figure 3. Produced gas composition versus temperature for -14 + 40 mesh size. 
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Figure 4 .  Gas higher  heat ing  value  versus  temperature. 
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LANDFILL G A S  R E C O V E R Y  AT THE ASCON DISPOSAL S I T E  

R o b e r t  P. S t e a r n s  a n d  Thomas D .  W r i g h t  

S C S  E n g i n e e r s ,  4014  L o n g  Beach  B o u l e v a r d  
L o n g  Beach,  C a l i f o r n i a  9 0 8 0 7  

INTRODUCTION 

The r a p i d  r i s e  i n  t h e  c o s t  o f  e n e r g y  h a s  p r o m p t e d  i n c r e a s e d  i n t e r e s t  
i n  t h e  r e c o v e r y  a n d  u t i l i z a t i o n  o f  l a n d f i l l  g a s  (LFG)  a t  : o c a t i o n s  
t h r o u g h o u t  t h e  U n i t e d  S t a t e s .  The U . S .  D e p a r t m e n t  o f  E n e r g y  (DOE) 
h a s  e s t i m a t e d  t h a t  t h e  n a t i o n ' s  s o l i d  w a s t e  l a n d f i l l s  g e n e r a t e  200 
b i l l i o n  c u b i c  f e e t  o f  m e t h a n e  g a s  a n n u a l l y .  E x c e p t  f o r  a f e w  l o c a -  
t i o n s ,  t h i s  p o t e n t i a l  r e s o u r c e  i s  b e i n g  l o s t  t o  t h e  a t m o s p h e r e .  
F u r t h e r ,  a p p r o x i m a t e l y  0 .5  m i l l i o n  t o n s  o f  s o l i d  w a s t e  a r e  a d d e d  
d a i l y  t o  a c t i v e  s a n i t a r y  l a n d f i l l s  i n  t h e  U n i t e d  S t a t e s .  

The g e n e r a t i o n  o f  m e t h a n e  g a s  d u r i n g  t h e  a n a e r o b i c  d e c o m p o s i t i o n  o f  
l a n d f i l l e d  s o l i d  w a s t e  i s  a w e l l - k n o w n  phenomenon.  L a n d f i l l  g a s  t y p -  
i c a l l y  c o n t a i n s  5 0 - 6 0  p e r c e n t  m e t h a n e .  The  b a l a n c e  i s  composed  o f  
c a r b o n  d i o x i d e  a n d  t r a c e  q u a n t i t i e s  o f  many o t h e r  g a s e s .  The r a t e  
o f  gas  g e n e r a t i o n  w i l l  g e n e r a l l y  be  h i g h e s t  d u r i n g  t h e  f i r s t  f e w  y e a r s  
a f t e r  s o l i d  w a s t e  b u r i a l  a n d  w i l l  t e n d  t o  d e c r e a s e  w i t h  t i m e .  The 
e x a c t  d e t a i l s  o f  t h i s  t i m e  v a r i a t i o n  a r e  n o t  w e l l  known  f o r  f u l l  s i z e  
l a n d f i l l s .  S m a l l  s c a l e  e x p e r i m e n t s  do  n o t  a p p e a r  t o  s i m u l a t e  w h a t  i s  
f o u n d  i n  t h e  f i e l d .  F o r  l a c k  o f  a b e t t e r  u n d e r s t a n d i n g ,  i t  i s  o f t e n  
assumed t h a t  t h e  l o n g  t e r m  g a s  g e n ' e r a t i o n  r a t e ,  a f t e r  t h e  f i r s t  f e w  
y e a r s ,  c a n  be  d e s c r i b e d  b y  a n  e x p o n e n t i a l  d e c a y  a n d  a s s o c i a t e d  h a l f -  
l i f e .  

T h e o r e t i c a l l y ,  t h e  maximum a m o u n t  o f  m e t h a n e  w h i c h  c a n  b e  p r o d u c e d  
d u r i n g  t h e  l i f e  o f  a g a s - g e n e r a t i n g  l a n d f i l l  i s  a b o u t  4 . 5  c u  f t  o f  
m e t h a n e  p e r  l b  o f  r e f u s e .  T h i s  a m o u n t  w o u l d  n o t ,  h o w e v e r ,  be  g e n e r -  
a t e d  i n  a r e a s o n a b l e  t i m e .  M o r e o v e r ,  a c t u a l  r e c o v e r y  w i l l  b e  l e s s  
t h a n  100  p e r c e n t .  A maximum r e c o v e r y  o f  1 t o  2 c u  f t  o f  m e t h a n e  p e r  
l b .  o f  r e f u s e  i s  c o n s i d e r e d  r e a s o n a b l e  a t  t h i s  t i m e .  

I n i t i a l  e f f o r t s  a t  LFG r e c o v e r y  o c c u r r e d  i n  L o s  A n g e l e s  C o u n t y  a t  t h e  
P a l o s  V e r d e s  L a n d f i l l  o p e r a t e d  b y  t h e  L o s  A n g e l e s  C o u n t y  S a n i t a t i o n  
D i s t r i c t s  i n  t h e  m i d - 1 9 6 0 s .  From t h i s  m o d e s t  b e g i n n i n g ,  LFG r e c o v e r y  
t e c h n o l o g y  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  a t  f i v e  o t h e r  l a n d f i l l s  a n d  
i s  u n d e r  a c t i v e  c o n s i d e r a t i o n  a t  a n o t h e r  17  l o c a t i o n s  n a t i o n a l l y .  

A S C O N  S I T E  D E S C R I P T I O N  

The Ascon  d i s p o s a l  s i t e  i s  l o c a t e d  i n  t h e  W i l m i n g t o n  a r e a  o f  L o s  
A n g e l e s ,  C a l i f o r n i a .  T h e  s i t e  was a f o r m e r  b o r r o w  p i t  a n d  o c c u p i e s  
a n  a r e a  o f  a p p r o x i m a t e l y  3 8  a c r e s .  H o u s e h o l d  a n d  c o m m e r c i a l  r u b b i s h ,  
t a n k  b o t t o m s  f r o m  r e f i n i n g  o p e r a t i o n s ,  a n d  o i l  f i e l d  d r i l l i n g  muds 
h a v e  been  d i s p o s e d  a t  t h e  s i t e  s i n c e  1 9 6 0  t o  a n  a v e r a g e  d e p t h  o f  a b o u t  
6 0  f e e t .  S o i l  i s  s c a r c e  a t  t h e  s i t e ,  a n d  a u t o  s h r e d d e r  w a s t e  i s  u s e d  
a s  d a i l y  c o v e r  m a t e r i a l  f o r  t h e  c o m p a c t e d  w a s t e s .  

A p o r t i o n  o f  t h e  s i t e  was f o r m e r l y  u s e d  a s  a s t o r a g e  a r e a  f o r  p e t r o -  
l e u m  c o k e .  L a r g e  q u a n t i t i e s  o f  w a t e r  w e r e  a d d e d  t o  t h e s e  s t o r a g e  
p i l e s  and  r e s u l t e d  i n  p e r c h e d  w a t e r  a n d  h i g h  m o i s t u r e  c o n d i t i o n s  w i t h -  
i n  t h e  l a n d f i l l .  F i l l i n g  o p e r a t i o n s  a r e  s c h e d u l e d  t o  c e a s e  i n  1980 .  
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FEASIBILITY STUDY 

A f i e l d  t e s t  program was conduc ted  d u r i n g  1976  a t  t h e  Ascon s i t e  by 
SCS Eng inee r s  unde r  c o n t r a c t  t o  t h e  s i t e  owner ,  Watson Energy Sys tems ,  
I n c .  T h i s  t e s t  program was d e s i g n e d  t o  d e t e r m i n e  i f  methane  g a s  c o u l d  
be  t e c h n i c a l l y  and  e c o n o m i c a l l y  r e c o v e r e d  from t h e  s i t e .  Three  t e s t  
w e l l s  were  i n s t a l l e d  and  pumping t e s t s  pe r fo rmed  o v e r  a 3 - 4  month 
p e r i o d  t o  d e t e r m i  ne: 

0 Gas c o m p o s i t i o n  a s  a f u n c t i o n  of w i t h d r a w a l  r a t e s  f rom t h e  

0 Gas f low r a t e s  a s  a f u n c t i o n  o f  p r e s s u r e  d r o p .  

0 I n f l u e n c e  area o f  w i t h d r a w a l  w e l l s .  

t e s t  we1 1 s .  

D u r i n g  t h e  f i e l d  t e s t  p rog ram,  p r e l i m i n a r y  n e g o t i a t i o n s  were be ing  
conduc ted  w i t h  a n  a d j a c e n t  S h e l l  O i l  r e f i n e r y  f o r  gas  s a l e s .  Requ i re -  
ments  f o r  g a s  p r o c e s s i n g  and d e l i v e r y  s p e c i f i c a t i o n s  w e r e  i d e n t i f i e d .  

R e s u l t s  o f  t h e  f e a s i b i l i t y  s t u d y  i n d i c a t e d  t h a t  u p  t o  1170 cu f t  p e r  
minu te  o f  L F G  c o n t a i n i n g  500 t o  550  Btu lcu  f t  c o u l d  be r e c o v e r e d  f rom 
t h e  s i t e .  This  w i t h d r a w a l  r a t e  was e s t i m a t e d  t o  be  s u s t a i n a b l e  f o r  
a t  l e a s t  6 y e a r s .  Use r  r e q u i r e m e n t s  f o r  t h e  L F G  were  a l s o  found  t o  
be  a c c e p t a b l e  - c o m p r e s s i o n  t o  7 0  ps i  and m o i s t u r e  removal a t  40OF. 

System d e s i g n  and  i n s t a l l a t i o n  p roceeded  and  was comple t ed  i n  mid- 
1 9 7 8 .  The LFG e x t r a c t i o n  s y s t e m  a s  o r i g i n a l l y  i n s t a l l e d  was compr ised  
o f  24 v e r t i c a l  w e l l s  d r i l l e d  t o  an a v e r a g e  dep th  o f  50 f t  w i t h  a s s o -  
c i a t e d  h e a d e r  p i p e  c o l l e c t i o n  s y s t e m .  P V C  p i p i n g  was used  t h r o u g h -  
o u t  t h e  c o l l e c t i o n  s y s t e m .  Wel l s  were  p e r f o r a t e d  f o r  t h e  lower  15 
t o  2 0  f t  and s e a l e d  f rom t h e  s u r f a c e  w i t h  c o n c r e t e  and b e n t o n i t e  c l a y .  

The L F G  compresso r  and c o o l i n g  equ ipmen t  u t i l i z e d  r e b u i l t  equ ipmen t .  
A s c h e m a t i c  of t h e  g a s  w i t h d r a w a l  and p r o c e s s i n g  s y s t e m  i s  shown i n  
F i g u r e  1 .  

D u r i n g  t h e  p l acemen t  o f  e x t r a c t i o n  w e l l s ,  a number o f  u n a n t i c i p a t e d  
c o n d i t i o n s  were e n c o u n t e r e d .  F i r s t ,  l a n d f i l l e d  w a s t e s  were more com- 
p a c t  a n d  had a h i g h e r  m o i s t u r e  c o n t e n t  t h a n  i n d i c a t e d  by t h e  f e a s i -  
b i l i t y  t e s t i n g .  S e c o n d l y ,  a s  a r e s u l t  o f  h igh  m o i s t u r e  l e v e l s ,  w e l l s  
would p a r t i a l l y  f i l l  w i t h  w a t e r  a f t e r  d r i l l i n g .  S t a n d i n g  w a t e r  l e v e l s  
were  as  h igh  a s  30 f t  d e e p  i n  some w e l l s .  This  w a t e r  c o u l d  b e  p u m p e d  
o u t ,  however r e p l a c e m e n t  by s e e p a g e  o c c u r r e d  w i t h  t i m e .  I n j e c t o r  
pumps were  i n s t a l l e d  i n  t h e  d e e p e r  w e l l s  t o  remove e x c e s s  m o i s t u r e .  

System s t a r t - u p  o c c u r r e d  i n  A u g u s t  1978 .  G r e a t  v a r i a t i o n  e x i s t e d  
i n  gas  p r o d u c t i o n  r a t e s  of w e l l s .  Some w e l l s  were  f r e e - f l o w i n g  and 
produced  l a r g e  q u a n t i t i e s  of L F G ,  w h i l e  o t h e r s  were  w i t h o u t  p o s i t i v e  
p r e s s u r e  a n d  y i e l d e d  l i t t l e  o r  no g a s ,  ( e v e n  when c o n s i d e r a b l e  vacuum 
was a p p l i e d ) .  Dur ing  t h e  e n s u i n g  mon ths ,  a d d i t i o n a l  w e l l s  ( a v e r a g i n g  
3 5 - 4 0  f t  d e e p )  were  i n s t a l l e d  t o  t a p  more p r o d u c t i v e  a r e a s  o f  t h e  
s i t e .  S e v e r a l  none -p roduc inq  w e l l s  were  aband ned .  A t o t a l  of 60 
w e l l s  a r e  now l o c a t e d  on  t h e - s i t e .  

The sys tem h a s  been o p e r a t i n g  e s s e n t i a l l y  c o n t  
1 9 7 9  a n d  i s  c u r r e n t l y  c a p a b l e  of d e l i v e r i n g  u p  
u s e r .  D e l i v e r i e s  a r e  a v e r a g i n g  a b o u t  8 0 0  scfm 
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n u o u s l y  s i n c e  e a r l y  
t o  1 0 5 0  scfm t o  t h e  
( 1 . 2  mmcf lday) .  No 
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m a j o r  o p e r a t i n g  d 
However ,  s u p e r v i s  
a d j u s t m e n t s .  The 
w i t h  a n  a l a r m  s y s  

E C O N O M I C S  

f f i c u l t i e s  o r  m a i n t e n a n c e  p r o b l e m s  h a v e  a r i s e n .  
o n  ( 8  h r / d a y )  was f o u n d  t o  b e  n e c e s s a r y  f o r  s y s t e m  
s y s t e m  i s  a l s o  m o n i t o r e d  b y  c o m p u t e r  a n d  e q u i p p e d  
em w h i c h  s h u t s  t h e  s y s t e m  down i f  p r o b l e m s  o c c u r .  

T a b l e s  1 a n d  2 s u m m a r i z e  t h e  c a p i t a l  a n d  o p e r a t i n g  c o s t s  a s s o c i a t e d  
w i t h  t h e  i n s t a l l e d  s y s t e m ,  r e s p e c t i v e l y .  A n n u a l  o p e r a t i n g  c o s t s ,  
i n c l u d i n g  a m o r t i z a t i o n  o f  c a p i t a l ,  a v e r a g e  4 5  p e r c e n t  o f  t o t a l  i n -  
s t a l l e d  c o s t .  

T a b l e  3 p r e s e n t s  t h e  e s t i m a t e d  a n n u a l  i n c o m e  f r o m  t h e  s y s t e m .  As c a n  
be  seen ,  a f a v o r a b l e  e c o n o m i c  r e t u r n  e x i s t s .  The s a l e s  a g r e e m e n t  
b e t w e e n  Watson  E n e r g y  S y s t e m s ,  I n c . ,  a n d  S h e l l  O i l  pegs  t h e  v a l u e  o f  
t h e  LFG t o  7 0  p e r c e n t  o f  t h e  v a l u e  o f  #6  f u e l  o i l  o n  an  e q u i v a l e n t  
B t u  b a s i s .  E n t i t l e m e n t s  a r e  e a r n e d  b y  W a t s o n  E n e r g y  S y s t e m s ,  I n c . ,  
u n d e r  t h e  a p p l i c a b l e  D O E  p r o g r a m .  

G A S  QUALITY 

Gas q u a l i t y  a t  t h e  Ascon  l a n d f i l l  h a s  b e e n  c o n s i s t a n t  w i t h  m e t h a n e  
c o n c e n t r a t i o n s  a v e r a g i n g  i n  e x c e s s  o f  50 p e r c e n t .  Gas o b t a i n e d  f r o m  
t h e  Ascon  l a n d f i l l  i s  r o u t i n e l y  a n a l y z e d  ( b i - m o n t h l y )  b y  an  i n d e p e n -  
d e n t  l a b o r a t o r y .  A t y p i c a l  r e s u l t  i s  shown i n  T a b l e  4 .  

E x t e n s i v e  a n a l y s e s  o f  g a s  o b t a i n e d  f r o m  o n e  L o s  A n g e l e s  a r e a  l a n d f i l l  
h a s  i d e n t i f i e d  m o r e  t h a n  65  t r a c e  c o n s t i t u e n t s  i n  LFG. T r a c e  compon- 
e n t s  o f  t h e  g a s  o b t a i n e d  f r o m  A s c o n  h a v e  b e e n  i d e n t i f i e d  a l s o .  A 
s a m p l e  a n a l y s e s  i s  c o n t a i n e d  i n  T a b l e  5. 

FUTURE F O R  LFG R E C O V E R Y  

I n c r e a s e s  i n  e n e r g y  c o s t s  h a v e  g i v e n  LFG r e c o v e r y  a needed  " s h o t  i n  
t h e  a r m " .  An a d d i t i o n a l  i m p e t u s  i s  o n  i t s  way f r o m  t h e  U.S. E n v i r o n -  
m e n t a l  P r o t e c t i o n  Agency  (EPA) .  The R e s o u r c e  C o n s e r v a t i o n  and Re- 
c o v e r y  A c t  (RCRA) r e q u i r e m e n t s  f o r  c o n t r o l l i n g  m i g r a t i o n  o f  LFG as 
d i c t a t e d  by EPA 's  s a n i t a r y  l a n d f i l l  c r i t e r i a  r e q u i r e  m e t h a n e  g a s  c o n -  
c e n t r a t i o n s  a t  t h e  d i s p o s a l  s i t e  p r o p e r t y  l i n e  t o  n o t  e x c e e d  5 p e r -  
c e n t  b y  v o l u m e .  M e t h a n e  g a s  c o n c e n t r a t i o n s  i n  f a c i l i t y  s t r u c t u r e s  
c a n n o t  e x c e e d  1 - 1 / 2  p e r c e n t  b y  v o l u m e .  T h e s e  r e q u i r e m e n t s  w i l l  n e -  
c e s s i t a t e  i n s t a l l a t i o n  o f  LFG c o n t r o l  s y s t e m s  a t  m o s t  s i t e s .  The i n -  
s t a l l e d  LFG c o n t r o l  s y s t e m  may i n c l u d e  some o f  t h e  same f a c i l i t i e s  
( e x t r a c t i o n  w e l l s ,  pumps, e t c . )  r e q u i r e d  f o r  a n  LFG r e c o v e r y  s y s t e m .  
If t h e  LFG m u s t  b e  r e m o v e d ,  many e n t e r p r i s i n g  s i t e  o w n e r s  w i l l  a c t i v e -  
l y  s e e k  a p r o f i t a b l e  m a r k e t  f o r  t h e  g a s .  

F i n a l l y .  D O E  has  become i n c r e a s i n g l y  i n t e r e s t e d  i n  LFG r e c o v e r y .  
D O E  i s  s u p p o r t i n g  a number  o f  p r o j e c t s  a i m e d  a t  i m p r o v i n g  LFG r e -  
c o v e r y  t e c h n o l o g y .  A number  o f  new p r o j e c t s  a r e  l i k e l y  t o  be s u p p o r t -  
ed  u n d e r  p r o v i s i o n s  o f  P.L.  9 6 - 1 2 6 .  L e g i s l a t i o n  s u p p o r t i n g  LFG r e -  
c o v e r y  h a s  a l s o  b e e n  i n t r o d u c e d  a t  t h e  F e d e r a l  l e v e l .  

Thus ,  we c a n  e x p e c t  more  LFG r e c o v e r y  p r o j e c t s  
f u l l y ,  t h e  b e n e f i c i a l  e f f e c t s  a s s o c i a t e d  w i t h  L 
some o f  t h e  n e g a t i v e  p u b l i c  r e a c t i o n  t o  l a n d f i l  
w a s t e s ,  w h i l e  c o n t r i b u t i n g  t o  o u r  n a t i o n a l  f u e l  
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n f u t u r e  y e a r s .  Hope-  
G r e c o v e r y  c a n  d i s p e l 1  
i n g  o f  o u r  s o l i d  
s u p p l y  i n v e n t o r y .  



TABLE 1. 

SYSTEM CAPITAL COSTS (1978) 

Compressor/Gas Chi1 1 e r  

We1 1 s/Header 

Discharge pipe1 i n e  

S i t e  work 

Instrumentation/Controls 
E l  ec tr i c a l  s e r v i c e  

Engineer ing 

$103,000 
376,000 

35,000 

10,000 
100,000 
20,000 
65,000 

Tota l  Cap i ta l  $709,000 

TABLE 2. 

ESTIMATED ANNUAL OPERATING COSTS ( i 9 7 9 )  

E l e c t r i c a l  Power (150,000 KW/mo. @ 5 6 )  $ 90,OOC 

Coripressor Maintenance (5% o f  c a p i t a l  c o s t )  5,200 
Maintenance Labor (8 hr/day @ $15) 43,800 
Admin. & Tes t i ng  ($2500/mo) 30,OCr 
Amort izat ion ( 7  yr. @ 1 2 % )  155,400 

Total  Operat ing $324,400 

TABLE 3.  

ESTIMATED INCOME FROM GAS SALES (1Y79) 

D i r e c t  Sales*: $517,000 
Entitlements': 137,000 

$654,000 

*1.2 mmcf/day @ 535 Btu/c f  @ $2.45 mm Btu @ 90% a v a i l a b i l i t y .  

Estimated based on 65Q/mm Btu + 
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TABLE 4. 

MAJOR CONSTITUENTS - ASCON LANDFILL GAS 

Const i tuent  

Methane 
Carbon Diox ide 

Hydrogen 

Oxygen 
Ni t rogen 

% (Volume)* 

55 

42 

0.5 

0.2 

1.2 

*Average of  several samples 

TABLE 5 .  

TRACE CONSTITUENTS - ASCON LANDFILL GAS 

Cons t i t uen t  

Acetone 

Ethyl mercaptan 

2-methyl f u r a n  

Methyl e t h y l  ketone 
Benzene 

Toluene 

Terpene 
Ethyl benzene 

Xylene 

Butyl a lcohol  

A1 pha terp inene 

Limonene 

C3 s u b s t i t u t e d  benzenes 

C4 s u b s t i t u t e d  benzenes 

Dichlorobenzene 

2-ethy l  -1-hexanol 

C4 - C14 hydrocarbons 

Parts per  Mi 11 ion*  

32.5 

21.1 
6.9 

5.2 

5.5 

20.4 

12.4 

21.4 

14.9 

5.2 

11.1 
26.2 

9.8 
7.6 

4.1 

6.2 

114.2 

*Sample date: May 15, 1979 

250 



i 

USE OF CORN COBS FOR SEED DRYINC THROUGH GASIFICATION 

Stanley L. Bozdech 

DEKALB AgResearch, Inc., Sycamore Rd., DeKalb, I l l i n o i s ,  60115 

coupled with discoveries of the e a r l i e s t  uses of corn i n  the western hemisphere 
are  indications that  very ear ly  the cob was i n  general use as fuel  for  cooking, 
and f i r ing  pottery and brick kilns. Later the early famers  of the United States, 
especially those i n  the Plains where wood was scarce, found tha t  cobs could cook 
the i r  meals and heat the i r  homes. The petroleum age came, harvest systems changed, 
the cob was l e f t  to  r o t  i n  the f ie ld .  Today I would l ike  t o  t a l k  about tha t  old 
fuel which the seed industry is attempting to  mate t o  an old technology. 
seed industry generates enough by-products (cobs) to  sa t i s fy  these needs f o r  
fuel-for drying seed. Gasification promises t o  be the technology t o  eff ic ient ly  
convert cobs t o  clean, controllable, heat f o r  that purpose. 

I have been introduced. 
creates the favorable environment and provides the support f o r  a gasif ier  
project, and many other developing technologies. 

In 1936, with the marketing of DEKALB's f i r s t  hybrid corn seed, came the winged- 
ear trademark, touting th i s  new product as the mortgage l i f t e r  f o r  the corn farm- 
ers. Genetic research is the soul of the business; the production and marketing 
of hybrids, its physical manifestation. Today the hybrids a re  not only corn, 
but sorghum, wheat, sunflower, chickens, hogs; - a l l  of which are distributed 
world wide. 

In l a t e r  years DEKALB has divers i f ied into the manufacture of i r r igat ion equipment 
and electronics, into petroleum production, copper mining, commodity brokerage; 
but D E W B  has always kept close to  its central  theme of "Food and Energy." 

The hybrid seed corn industry is unique. 
seed conditioning procedures, are  i n  no way similar t o  the grain handling industry. 

Nowhere is t h i s  more apparent than in  the harvesting and drying operations. 
corn is harvested early and with high moisture content. 
the cob, in large batch bins. 
below 110 degrees Fahrenheit t o  preserve the v i t a l i t y  of the germ. 

As early as 1972 DEKALB recognized cobs as a natural fue l  f o r  its seed drying 
operations. 
bushel contained about 1.3 thems.  Cobs are  good fuel ,  and have been condition- 
ed with the seed. 
was about 7 2  cents a million Btu's. This since has gone d m  to  about 34 cents. 
Natural gas costs are  ten times tha t  amount; propane twenty times. That spread 
would provide the capi ta l  f o r  a conversion system f o r  cobs, although dr ie rs  are  
used only f ive weeks a year, each consuming 7,000 mcf of natural gas during that  
time. But the 
short season with low annual fuel  consumption puts constraints on capi ta l  costs. 

Marginal fue l  supply dictated an equipment development plan which would make use 
of tanpered combustion gases as the drying medium. 
are wasteful, the drying stream had t o  be relat ively f r e e  of par t iculate  matter 
and toxic gases. 
and it is  soon apparent how clean a system is. 

In 1973 because of the high pr ice  of fue l  o i l  i n  Europe, DEKALB's French associate, 
urn, invested in  an incineration system f o r  cobs, and piped the ccmbustion gases 

The 

But l e t  me introduce, very br ief ly ,  one company which 

It's objectives, and therefore the 

Seed 
I t  is also dried on 

Temperature of the drying a i r  must be maintained 

I t  took a them t o  dry a bushel of seed, but the cobs from that  

The market value of the cobs, a t  tha t  time, a t  the plant site, 

Readily available, good, cheap fuel  is def ini te ly  an advantage. 

Without heat exchangers, which 

The batch drying system i t s e l f  is a good f i l t e r  f o r  par t iculate ,  
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to  the driers.  
must be cleaned weekly. 
is shown i n  Table 2. 

DEKALB, i n  the U.S., f e l t  tha t  since the French had done so w e l l  with everything 
but particulate,  surely sane American technique could readily solve tha t  problem. 
Two d i rec t  combustion units were ins ta l led  i n  seed plants i n  1976: - one a soph- 
i s t ica ted  incinerator with after-burners,  which performed poorly; the other a 
torroidal un i t  fo r  burning f ine  material  i n  suspension, which i n  addition t o  
high grinding costs,  threw par t icu la te  as fast as the other un i t s .  
both uni t s  slaggcd badly. 

The advantage of the nadir is tha t  the only way out is up. 
evaluate our needs. 

In addition t o  the financial  incentive, fuel interruption, therefore drying 
interruption, would expose a seed crop t o  f r o s t  and wipe it out canpletely. 
The machinations of bureaucracy i n  releasing emergency stocks are no match to  
the speed of the weather. 

For some t i m e ,  we had been following 
the work of Sweden with wood gas i f ie rs .  Cobs Oak 
The elemental and physical s imi la r i ty  Carbon 44.96% 50.49% 
between wood and cobs t o  us became YIdrogen 6.10% 6.59% 

1977 I made a quick tour of Europe, Oxygen 44.77% 42.77% 
including Sweden, v i s i ted  with a l l  Chlorine 0.29% 
of the gas i f ie r  people available,  Ash 1.46% 0.15% 
including several people who had been 
practi t ioners of the a r t  during the 
Second World War. Additionally DEKALB 
researched, heavily, technical l i b ra r i e s  
i n  the United States.  

Today it is still used but with tubular heat exchangers which 
Its high par t icu la te  output without the heat exchanger 

Additionally, 
Both were complex, expensive, d i f f i c u l t  t o  operate. 

I t  was time t o  re- 

W e  had t o  go ahead. 
"YF'ICAL ELFMWML ANALYSIS 

more apparent. During the spring of Nitrogen 2.42% _ -  
_ -  

0.55% Dry 
Btu/lb. 7,215 8,810 

Table 1 

The r e s u l t  is a system specifically designed to  dry grain with cobs, as seen in  
figures 1 and 2. 
Although i t  requires more management than methane or o i l  f i r ed  equipment, the 
technology is a t t rac t ive  enough to  be widely acceptable: 

It meets the criteria we had established a t  the outset .  

- -  Continuous operation 
- -  Automated output control 
- -  Five t o  one turn  down r a t i o  

I t  also meets economic tests: 

- -  Low capi ta l  costs 
- -  Reasonable operating cos ts  
-- Serviceability 
- -  Complete heat release 

- -  Simple and d i r ec t  operating techniques 
- -  Safe operation 
- -  Clean, e f f ic ien t ,  heat output 

- -  Complete u t i l i za t ion  of the heat 
- -  No fue l  preparation costs 
- -  Favorable fue l  prices 

DEKALB's gas i f ie r  system is an atmospheric, up-draft, negative-pressured, system, 
powered by a single fan which discharges regulated, heated, gases t o  ;I seed 
dr ie r .  Start ing a t  the r igh t ,  a valve a t  the discharge of the fan modulates 
the  complete system s t a r t i ng  with the production of the gas i n  the gasifier.  

Dry cobs, as they cane from the she l le r ,  whole or i n  b i t s  and pieces, are fed, 
on demand, into the system through alternating s l ide  grates which keep the system 
sealed. 
tendency to  occur. 
The grates a re  perforated s ta in less  steel, and in  operation are generally protected 

A t  the reactive zone, with the reduction in  cob size, channeling has a 
The ag i ta tor ,  i n  an adjustable cycle, keeps the bed packed. 
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PLAN VIEW 

COD - FUELED 
GRAIN WYING SXTEM 
DEKALB A 6 R E S W k l  Ihk. 
GGICALB ILL 3-28-80 

253 



by layer of ash. 
degrees there is usually some 
indication of slagging which 
appears as s o f t  clumps of ash 
and carbon. While slagging 
i s  not completely eliminated, Suspension 
the horizontal, rotary, parered, Burner 
ash removal system breaks up 
and removes most slagged Hearth 
materials. Incinerato 

h-oducer gas leaves the 
system a t  700 degrees, carry- 
ing, as a vapor, t a rs  that often 
cause serious problems in  updraft 
units. In  some ear l ie r  tes t s ,  t a r s  PARTICULATE IMISSIONS IN P(XMDS/MN OF 
going through the burner as drop- 
l e t s  were not to ta l ly  consumed and 
l e f t  a sticky coating on fans and drying 
equipment. 

On extremely cold days, primary a i r  a t  the burner has a tendency t o  condense the 
t a r s  i n  the burner head. This can be overcome by feed back from the combustion 
chamber t o  heat the ambient. 
it responds with the pressure var ia t ions in  the system and maintains a constant 
ra t io .  

The design of the canbustion chamber offers  the gas dwell time in high temperature 
environment to  promote complete combustion. 
conditions. 
blend ambient air with combustion gases. F i n a l  tempering t o  400 degrees is 
accomplished by a modulating iralve controlled by a sensor at the fan in le t .  

This fan discharges t o  a mixing chamber a t  the intake of the fan that supplies 
drying air to  the corn bins. 
the damper in the discharge of the fan, in the sketch, to  provide a constant, 
correct, amount of heat. 

After one thousand hours running time on a 1.6 nnn B t u  p i l o t  unit and many hours 
on a f u l l  s ize  6 nnn Btu unit, we have enough answers f o r  a strong positive 
program. 

The par t iculate  emissions a re  now controllable without a heat exchanger. That 
expense is eliminated. The cobs produced from the dried seed w i l l  now sa t i s fy  
fuel needs f o r  drying the seed. 

A t  1,900 

;sg:rator 

Gasifier 

FUEL CONSUMED 
Table 2 

The ta rs  a re  in  the gas stream; - the challange is to burn them. 

The primary a i r  adjustment is manual. Once s e t ,  

We are  s t r iv ing  for  s to ich imet r ic  
Additionally the combustion enclosure offers  the f i r s t  chance to  

A thermostat i n  t h i s  f i n a l  air  stream controls 

Gas quality i s  good and burns w e l l .  
Gas samples are taken jus t  ahead of 
the burner. Analyses of the gases 
from two typical runs show sane 
variations, but Btu content 
stays within a range of 1 2 2  t o  
143, which provides sat isfactory 
igni t ion and canbustion. 

Although the system s a t i s f i e s ,  in  
m y  aspects, the def ini t ion of 
a t t ract ive technology, it is not 
a push button unit. One man can 
operate two uni ts ,  if close to-  
gether. Fuel i s  bulky and cannot 

mODUCTION GAS CCBFOSITION 
PERCEWME BY VOLUME 

Tests 
1 2 

N2 56+ 54+ 
0 2  1.61 0.66 
c02 8.00 7.40 
H2 7.50 8.00 
co 24.72 27.10 
CH4 1.99 2.80 
Cob 
Moisture 11% 
Btu's/SCF 1 2 2  to  143 

Table 3 
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be piped from a tank. 

The system does u t i l i z e  a l l  the thermal potential  of the cob; sensible heat f r m  
the gasifying process, which i n  some systems can escape t o  the atmosphere, is 
captured by placing the unit i n  the in l e t  a i r  stream t o  the drying fan. 
the gas i f ie r  is simple. 
come from deterioration of refractory during the 47 weeks of down time. 

The fuel,  as it comes from the seed dryer, requires no further drying, nor does 
it need c las i f ica t ion  by size, or grinding. 
since demand fo r  cob products has been severly depressed by substi tutes with 
lower collection and processing cos ts .  Electrical  power consumption is low. 

The f ina l  table is an indication of comparative costs of the gas i f ie r  system over 
a petroleum-fueled system already installed.  
i n  capital  outlay. 

Special handling equipment is necessary. 

Mechanically, 
Most of the annual maintenance problems w i l l  probably 

We expect cob prices t o  stay l o w  

Cob handling equipnent is included 

SEED DRYING COSTS PER BUSHEL-ANNLJAL BASIS 

Capital 
Depreciation charge 
Operating days 
Operating labor 
Operation electrical 
Cobs ($0.34/m B t u ' s )  
Propane ($5.45/m Btu's) 
Methane ($3.50/m Btu's) 
Maintenance 
Wlshels dried 
$/Bushel 

Methane 

34 
960 
116 

24,500 
400 

70,000 

29.7% 
$0.371 

Propane Gasifier 
141,000 
11,280 

35 35 
960 3,200 
116 1,920 

2,500 
38,150 

400 1,100 
70,000 70,000 

$0.566 $0.286 
97.9% 

Table 4 

The additional cost  of using petroleum fuels i s  high and w i l l  probably advance a t  
a f a s t  pace. 
f i r i ng  equipment, or fo r  methane transportation and f i r i n g  equipment, must be 
considered, the figures a re  much more favorable. 

Finally, gas i f ie rs  fo r  cobs protect the seed industry from sudden interruptions of 
drying fuel supplies. 
could wipe out a complete year's work. 

DEKALB intends t o  start equipping its seed corn plants with gas i f ie rs .  Our 
system is not perfect ,  but i n  actual use, development w i l l  come fa s t e r .  

This gas i f ie r  system is par t icu lar ly  adapted to  r e t ro - f i t t i ng  grain driers.  
Purdue is  developing a cob separator for  a combine which may solve the mechanical 
problems, but the economics of collection and transportation of cobs must be 
tested. In the Midwest, on-farm drying of grain uses 20 gallons of propane per 
acre t o  dry the 140 bushels of corn from that acre. 

If cobs are an available fue l ,  the gas i f ie r  concept can be used t o  provide fuel 
for  internal combustion engines. Gas clean-up and efficiency become a problem. 
Energy lo s t  i n  tars must somehow be recaptured. 
The average i r r iga t ion  pump i n  t h i s  country uses the equivalent of 50 gallons of 
diesel  per year per acre. 

In addition, with the r igh t  fuel,  the gas i f ie r  is an excellent biomass Combustion 

On new ins ta l la t ions ,  where the capi ta l  cost  f o r  propane storage and 

These interruptions, i f  they occur a t  cer ta in  times, 

There i s  a need f o r  t h i s  energy. 
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system for  heat exchangers. 
cost is competitive with other systems; couplings are simple. 

We are excited about gasif iers .  
r is ing costs. 
hardware t o  the agricul tural  community. 
from the dependency of petroleum must start a t  the energy consumer. 
wise use of biomass in agriculture, substantial amounts of petroleum fuels  and 
the i r  transportation costs can be dislocated for  other uses. 

Properly designed, emissions stay below EPA levels; 

I t  w i l l  help DEKALB and its customers control 
It may provide, under the r igh t  conditions, energy conversion 

Above a l l ,  conservation and the divorce 
By the 
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PROCESS DEVELOPMEIT FOR BIOMASS L1f)UEFACTION 

Douqlas C. E l l i o t t  

P a c i f i c  Northwest Labora to ry  
operated by BATTELLE I4enor ia l  I n s t i t u t e  

P. 0 .  Box c99 
Rich land,  bIA 99352 

IVTRODUCT I O N  

The I!.S. Department o f  Energy ’s  Biomass L i q u e f a c t i o n  Experimental F a c i l i t y  a t  
Albany, Oreqon, was cons t ruc ted  f o r  t he  purpose o f  develop ing biomass t o  o i l  con- 
ve rs ion  processes. 
wood c h i p  equ iva len t .  Process development work has been underway a t  Albany s i n c e  
the summer of 1977. A m u l t i t u d e  o f  r e a c t a n t  and p roduc t  hand l i ng  d i f f i c u l t i e s  
have r e s u l t e d  i n  numerous f a c i l i t y  and process m o d i f i c a t i o n s .  P resen t l y ,  t h e r e  a r e  
two main ve rs ions  o f  the CO-Steam process being t e s t e d  a t  Albany. The o r i g i n a l  
process, c a l l e d  t h e  Bureau o f  Mines Process (B0! l )  because i t  was developed by r e -  
searchers a t  t h e  former Bureau o f  Mines f a c i l i t y  near  P i t t s b u r g h ,  i n v o l v e s  d r i e d  
and ground wood ch ips  s l u r r i e d  i n  a heavy o i l  medium. The newer process i s  c a l l e d  
the LBL process, s i n c e  i t  was developed by s t a f f  memhers o f  t h e  Lawrence Berkeley 
Laboratory .  I n  t h e  LSL process wood ch ips  a re  broken down i n t o  a pumpable water 
s l u r r y  by a c i d  h y d r o l y s i s .  I n  e i t h e r  process t h e  s l u r r y  i s  then pumped i n t o  a 
h igh  temperature, h igh  pressure r e a c t o r  wherein the  biomass o i l  i s  formed th rough  
the a c t i o n  o f  carbon monoxide and steam under the  i n f l u e n c e  o f  a sodium carbonate 
c a t a l y s t .  
development e f f o r t  has been two fo ld ,  1 )  p r o v i d e  bench s c a l e  process development 
experimental suppor t  and 2 )  p rov ide  a n a l y t i c a l  suppor t  as needed. 
work has i nvo l ved  f o r  
repo r ted  elsewhere. t1>y3’’ Th is  paper p rov ides  t h e  d e t a i l s  o f  t h e  l a t e s t  ana- 
l y t i c a l  work completed on the biomass d e r i v e d  o i l .  

PROCESS DESCRIPTIONS 

F a c i l i t y  equipment was s i z e d  t o  process 1-3 tons  p e r  day o f  

The r o l e  o f  t h e  P a c i f i c  Northwest Labora to ry  (PNL) i n  the  process 

The bench s c a l e  
most p a r t  ba tch  au toc lave  t e s t s  and t h i s  work has been 

BOM Process - 

The Albany f a c i l i t y  was o r i q i n a l l y  cons t ruc ted  t o  develop t h e  process o f  
biomass convers ion t o  f u e l  o i l  i n  a r e c y c l i n g  o i l  s l u r r y  mode. As shown diaqram- 
m a t i c a l l y  i n  F i r jure 1. I*lood ch ips  a r e  d r i e d ,  qround and mixed w i t h  o i l  a t  20-30% 
s o l i d s  t o  p rov ide  a pumpable s l u r r y .  Anthracene o i l ,  a coa l  t a r  d i s t i l l a t e  
i s  used as the  s t a r t - u p  s l u r r y  o i l .  Th i s  s l u r r y  a long w i th  carbon monoxide and 
aqueous sodium carbonate a r e  pumped a t  h i g h  pressure 2000-4000- p s i g  through a 
scraped-surface preheater  and i n t o  a s t i r r e d  tank r e a c t o r .  The average r e s i -  
dence t ime  i n  the  r e a c t o r  can be v a r i e d  from 20 t o  90 minutes a t  temperatures 
ranaing from ’300°C t o  370°C. A f t e r  l e a v i n g  t h e  r e a c t o r  t h e  p roduc t  i s  cooled 
and the pressure i s  l e t  down i n t o  a f l a s h  tank where f i x e d  qases and most of 
the water i s  removed. 
ment o f  t h e  c e n t r i f u g e  i n  the  p roduc t  c leanup stage w i t h  a vacuum s t i l l .  
pressure l e t  down t h e  product  i s  reheated and f l a s h e d  i n  t h e  s t i l l  where a l i g h t  
product  o i l  i s  drawn o f f ;  a m idd le  f r a c t i o n  i s  recovered and a p o r t i o n  i s  r e -  
cyc led  f o r  s l u r r y  makeup; and heavy product ,  s o l i d s  and c a t a l y s t  r e s i d u e  a r e  
removed f rom the  s t i l l  bottom. T h i s  i s  t h e  e x t e n t  o f  t he  u n i t  o p e r a t i o n s  a t  
Albany, however, t h e  t o t a l  process p l a n  would have t h e  s t i l l  bottoms pumped t o  
a q a s i f i e r  f o r  p roduc t i on  o f  CO/H2 qas feed  f o r  t h e  l i q u e f a c t i o n  process. 
Sodium c o u l d  be leached from the  g a s i f i e r  ash and cou ld  be r e c y c l e d  t o  t h e  process 
probably  a f t e r  r e a c t i o n  w i t h  carbon d i o x i d e  from t h e  o f f g a s  and g a s i f i e r  product  
gas. 

A major  change i n  t h e  o r i g i n a l  process f l o w  i s  t h e  rep lace -  
A f t e r  
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LBI. Process - 

There a r e  severa l  bas ic  d i f f e r e n c e s  betiween t h i s  process and t h a t  f o r  which 
the  Albany f a c i l i t y  was designed. However, throuqh plumbing m o d i f i c a t i o n s  t h e  
p l a n t  was made t o  ope ra te  i n  t h i s  mode, and, i n  f a c t ,  t he  f i r s t  l a r g e  sca le  wood 
o i l  p r o d u c t i o n  was by t h i s  process.  By t h e  ILBL process ( F i g u r e  2) t h e  wood c h i p s  
a r e  reduced d i r e c t l y  t o  a pumpable aqueous s l i i r r y  t h rouqh  an a c i d  h y d r o l y s i s  s tep  
v i t h o u t  p r e l i m i n a r y  d r y i n g  and g r i n d i n g .  By t h i s  h y d r o l y s i s  s tep t h e  wood t o  
water r a t i o  can be ma in ta ined  a t  a l e v e l  equ iva len t  t o  the  wood t o  o i l  r a t i o  used 
i n  t h e  BO14 process. The aqueous s l u r r y  must then be made bas ic  by sodium carbonate 
a d d i t i o n  and then passes th rough  the  p l a n t  i n  t h e  same manner as i n  t h e  11011 process. 
A f t e r  pressure le tdown a g r a v i t y  separa t i on  i s  made o f  o i l  from water and the  prod- 
u c t  can then be d i s t i l l e d  as a c lean-up s ten .  I!o r e c y c l e  o i l  i s  used i n  the  LBL 
process as i t  i s  e s s e n t i a l l y  a once th rough  process f o r  t h e  biomass. The aqueous 
stream w i l l  l i k e l y  have t o  be r e c y c l e d  t o  recove r  t h e  c a t a l y s t  reSidfJeS and o t h e r  
s o l u b l e  o rgan ics .  

PRODUCT ANAL YSJS 

c o n f i g u r a t i o n s  by the  BO14 process, no pu re  ( o r  n e a r l y  pu re )  wood d e r i v e d  o i l  had 
y e t  been produced. T h i s  was due t o  v a r i o u s  mechanical d i f f i c u l t i e s .  The major  
d i f f i c u l t y  was the  i n a b i l i t y  t o  remove r e s i d u a l  s o l i d s  from t h e  p roduc t  stream 
because the product  c lean-up c e n t r i f u g e  would n o t  ope ra te  e f f e c t i v e l y  i n  t h i s  
process.  The bu i l d -up  o f  r e s i d u a l  m a t e r i a l s  i n  the  system l e d  t o  increases i n  
v i s c o s i t y  over  t ime  and the  eventual  p lugg ing  and shu t  down o f  t he  t e s t  r u n  be- 
f o r e  t h e  s t a r t - u o  o i l  cou ld  be e f f e c t i v e l y  purged f rom t h e  system. 
o f  LBL process t e s t s  a t  Albany i n  t h e  sp r in f l  of l ? 7 ?  l e d  t o  t h e  f i r s t  p roduc t i on  
o f  n e a r l y  pu re  wood o i l  i n  !jay and t h e  f i r s t  l a r g e  sca le  p roduc t i on  o f  c a t a l y t i c a l l y  
conver ted wood o i l  i n  September of  1979. Th is  o i l  i s  the bas i s  f o r  t h e  a n a l y t i c a l  
work repo r ted  here. Que t o  t h e  d i f f e r e n c e s  i n  the  processes, p r i m a r i l y  the a c i d  
h y d r o l y s i s  step, i t  i s  l i k e l y  t h a t  t h e r e  w i l l  be some d i f f e r e n c e s  between t h e  LBL 
process o i l  descr ibed here and t h a t  produced by the  11014 process. It has  been 
suggested, based on t h e  amount o f  deg rada t ion  o f  t h e  wood, t h a t  t he  ma jo r  e f f e c t  
of t h e  h y d r o l y s i s  i s  t o  break down t h e  hemice l l u lose  w i t h  minor  e f f e c t  on t h e  
c e l l u l o s e  and l i t t l e  o r  no e f f e c t  on the  l i g n i n  p o r t i o n  of t h e  wood. 

Vacuum D i s t i l l a t i o n  Procedure - 
A vacuum f r a c t i o n a l  d i s t i l l a t i o n  o f  wood o i l  was performed by t h e  use o f  an 

AST!I-D1160 d i s t i l l a t i o n  apparatus w i t h  a m o d i f i e d  r e c e i v e r  which a l l o w s  f r a c t i o n  
c o l l e c t i o n  w h i l e  c o n t i n u i n g  t h e  d i s t i l l a t i o n  under vacuum. 
are descr ibed i n  Table 1. F r a c t i o n  ,+1 i nc ludes  bo th  the  water which was d i sso l ved  
o r  e m u l s i f i e d  i n  t h e  wood o i l  as w e l l  as a l i q h t  o i l  f r a c t i o n  which was immisc ib le  
w i t h  water and d i s t i l l e d  i n  t h e  same temperature range. The c o d i s t i l l a t i o n  c o u l d  
be t h e  r e s u l t  o f  s i m i l a r  b o i l i n g  p o i n t s  o r  may a l s o  be t h e  r e s u l t  o f  a steam 
d i s t i l l a t i o n  phenomenon. 
based on t h e  i n s t r u c t i o n s  i n c l u d e d  i n  t h e  E1160 procedure. The d i s t i l l a t i o n  was 
d i scon t inued  a t  t he  p o i n t  t h a t  decomposi t ion of t h e  p roduc t  i n  the s t i l l  p o t  be- 
came ev iden t .  
f o r  pet ro leum crude o i l s .  

A f t e r  app rox ima te l y  1 5  months o f  o p e r a t i o n  o f  t h e  Albany f a c i l i t y  i n  v a r i o u s  

The i n i t i a t i o n  

The f r a c t i o n s  c o l l e c t e d  

The atmospher ic  t r u e  b o i l i n g  p o i n t s  were c a l c u l a t e d  

The decomposi t ion p o i n t  i s  app rox ima te l y  l O P F  below t h a t  experienced 

Ana lys i s  o f  D i s t i l l a t e  F r a c t i o n s  - 

A summary of t h e  a n a l y t i c a l  da ta  d e r i v e d  from t h e  wood o i l  and i t s  d i s t i l l a t e  
The e lementa l  analyses show a t r e n d  of i n -  f r a c t i o n s  i s  presented i n  Tab le  2. 

c reas ing  carbon con ten t  f rom t h e  l i q h t e r  to heav ie r  f r a c t i o n  and a s t ronger  reverse 
t r e n d  i n  hydrogen con ten t .  
a t r e n d  from n e a r l y  2 i n  t h e  l i q h t e s t  f r a c t i o n  t o  l e s s  than 1 i n  t h e  s t i l l  bottoms. 

The hydrogen t o  carbon atomic r a t i o  as a r e s u l t  shows 



F r a c t i o n  

#1 

$2 

f 3  

$4 

#5 

Residue 

F r a c t i o n  

t l  
( O i l  Layer)  

#2 
83 

('4 

#5 
Residue 

( I n c l u d i n g  
8% I4ater) 

TP.7-136 

TABLE 1. Vacuum F r a c t i o n a l  D i s t i l l a t i o n  o f  M o d  O i l  
ASTF1-Dl160 Fo r  Sample TR7-136 

Actual  Re1 a t  i v e  TB? 
atm Amount Amount -- Co lo r  - 

.8 m l  L i g h t  O i l  3% 
'23 m l  I.later 8% C1 ea r  To 280OF 

T8P 
1 Onm 

To 50°F 

45 m l  18% C1 ea r  2n0-51 OOF 50-270°F 
To Yel low 

To Oranqe 
35 m l  14% Green 51 0-600°F 270-330°F 

an m l  16% Orange 600-720'F 330470°F 

20 9 8% Oranqe 720-81 O0F 470-51 0°F 
To Brown 

86.6 9 72% Dark Above 810°F Above 510°F 
Brown (Po t  a t  630'F 

Decomposit ion) 

TABLE 2.  A n a l y t i c a l  Data f o r  D i s t i l l a t i o n  F r a c t i o n s  

C H 

79.8 12.0 

77.2 9.3 

77.1 8.9 

79.2 8.9 

79.4 7.9 

32.3 6.5 

72.3 8.6 

N O  

0.0 9 .7  
- _  

0.0 13.3 

0.5 12.1 

0.0 13.4 

0.2 12.3 

0.0 10.4 

0.2 17.6 

Atomic 
H / C  

1.31 

1.52 

1.37 

1.33 

1.13 
0.94 

1.41 

C13 NMR 
Hc A l i / A r o  C 

16,000 12 

15,200 1.1 

15,100 1.0 

15,800 1.2 

15,100 1.0 

14,000 - - -  
14,500 0.53 

H1 NMR 
A l i / A r o  H 

30 

10.0 

7.3 

6.6 

5.3 
- -_ 
--_ 

The oxygen con ten t  i s  l e s s  pa t te rned  i n  t h a t  i t  i s  l owes t  i n  the  l i g h t  d i s t i l l a t e ,  
ma in ta ins  a h ighe r  n e a r l y  cons tan t  l e v e l  through most o f  t h e  d i s t i l l a t e  range then 
drops t o  a l ower  l e v e l  i n  t h e  s t i l l  bottoms. Th is  data i s  m i r r o r e d  i n  the  heats  
o f  combustion r e s u l t s  f o r  t h e  v a r i o u s  o i l s .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  
n i t r o q e n  appears f o r  t he  most p a r t  i n  two o f  t he  heav ie r  d i s t i l l a t e  f r a c t i o n s  b u t  
n o t  i n  t h e  s t i l l  bottom Elemental s u l f u r  a n a l y s i s  pu ts  t h e  con ten t  a t  0.006% 
f o r  t he  t o t a l  wood o i l ; T 4 )  s i m i l a r  . . analyses f o r  t h e  d i s t i l l a t e  f r a c t i o n s  were n o t  
performed. 

The use o f  p r o t o n  and C13 nuc lea r  magnet ic  resonance spect rometry  (NMR) and 
i n f r a r e d  spect rophotometry  has p rov ided  some i n s i g h t s  i n t o  t h e  chemical s t r u c t u r e  
o f  the wood o i l  components. The C13 FIMR data shows a f a i r l y  even balance between 
sa tu ra ted  and unsa tu ra ted  carbon i n  t h e  d i s t i l l a t e  o i l s .  
a much l a r g e r  amount of a l i p h a t i c  hydrogen i n  p r o p o r t i o n  t o  a romat i c  hydrogen. 
i s  e s s e n t i a l l y  no o l e f i n i c  hydrogen. 
bonding and s t r u c t u r e  have a l ower  hydrogen t o  carbon r a t i o  than a l i p h a t i c s ,  (one 

However, p ro ton  MIR shows 
There 

Aromatic compounds, as  a r e s u l t  o f  molecular  
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o r  l e s s  f o r  aromat ic,  g r e a t e r  t h a n  2 f o r  a l i p h a t i c ) .  
amount o f  a l i p h a t i c  hydrogen i s  an i n d i c a t i o n  o f  t h e  l a r g e  amount o f  a l i p h a t i c  sub- 
s t i t u t i o n  on t h e  aromat ic  r i n g  s t r u c t u r e s .  T h i s  data i s  an average o f  dozens o f  
chemical compounds and a s  such shows a t r e n d  o f  decreasing amounts of a l i p h a t i c  com- 
pounds and o f  a1 i p h a t i c  s u b s t i t u t i o n  on the  aromat ic  r i n g s  through the  d i s t i l l a t i o n  
range. The p r o t o n  NMR da ta  a l s o  show t h e  presence of o t h e r  f u n c t i o n a l  groups such 
as f u r a n s  i n  f r a c t i o n  F2 and n a p h t h a l e n i c  and aromat ic  a c i d  and e s t e r  compounds i n  
f r a c t i o n s  # 4  and #5.  The methoxy a r o m a t i c  s t r u c t u r e  i s  v e r y  prominent i n  f r a c t i o n  
62 bu t  i s  a l s o  e v i d e n t  i n  the  h e a v i e r  f r a c t i o n s .  
groups disappear f rom prominence a f t e r  f r a c t i o n  $7, however, t he  e t h y l  e the r  
f u n c t i o n a l  group remains prominent th roughout .  The i n f r a r e d  spec t ra  of these f r a c t i o n s  
do n o t  p r o v i d e  n e a r l y  so d e f i n i t i v e  r e s u l t s  as the  NMR spec t ra ,  however, they g e n e r a l l y  
c o n f i r m  the  above-stated conc lus ions .  

Ne have thus  f a r  been a b l e  t o  i d e n t i f y  a s i g n i f i c a n t  number o f  t he  a c t u a l  com- 
ponents o f  t he  d i s t i l l a t e  f r a c t i o n s  o f  t h e  wood o i l  th rough t h e  use of Gas Chroma- 
tography  Mass Spectrometry (GCFIS). The components i n  Tab le  3 were i d e n t i f i e d  by 
a n a l y s i s  o f  computer matched data.  Those compounds l i s t e d  w- i th a q u e s t i o n  mark c o u l d  
n o t  be matched due t o  t h e  l i m i t a t i o n s  o f  t he  computer search l i b r a r y ,  b u t  were 
determined by a n a l y s i s  o f  t he  mass s p e c t r a .  I n  a d d i t i o n ,  t he  a c i d  f u n c t i o n a l  qroups 
shown i n  f r a c t i o n  4 and f r a c t i o n  5 were i d e n t i f i e d  i n  d e r i v a t i z e d  ( t r i m e t h y l -  
s i l y l a t i o n )  samples o f  t h e  wood o i l  f r a c t i o n s .  l lo rk  cont inues  i n  t h i s  area as those 
compounds i d e n t i f i e d  a r e  no t  n e a r l y  a l l  t h e  compounds present,  and no q u a n t i f i c a t i o n  
o f  t h i s  a n a l y s i s  has y e t  been done. 

The d i s p r o p o r t i o n a t e l y  l a r g e  

Long cha in  oxygen c o n t a i n i n g  a l k y l  

TABLE 3 .  Chemical Components o f  Wood O i l  F r a c t i o n s  by GCMS 

F r a c t i o n  #l 
Cg Diene 
r l e t l i y l  Cyclopentene 

(Two Isomers) 
I l e t h y l  Hexadiene 
?-Pentanone 
Dimethyl Hexadiene 
2 -!'ethyl Cycl open t a  no ne 
' ;ethyl  Cyclopentadiene 
E thy l  Benzene 
Cyclo Octane 
D iae thy l  Heptene 
C3 Benzene 
Indan 
Guaiacol  
F u r f u r a l  
Yc thy l  Indan 

Dimethyl  Indan 

E thy l  Styrene 

-___ 

(Three Isomers) 

( F i v e  Isomers) 

F r a c t i o n  til 
Methyl  Pentenal  
Formyl D i  hydropyran 
Dimethyl  Furan 

(Two Isomers) 
T r i m e t h y l  Furan 
Guaiacol  
F u r f u r a l  
E t h y l s t y r e n e  
Para Cresol  
4-Flethoxy P heno 1 
Methy l  Indan 
Dimethyl  Phenol 
E thy l  Phenol 
Dimethyl  Indan 
! l e thy l  E t h y l  Phenol 

(Two Isomers) 
T r i m e t h y l  Phenol 
Dimethyl  E t h y l  Phenol 
D ihydroxy  Acetophenone Fraction 
See B u t y l  Phenol 
Propy l  Guaiacol  A l k y l a t e d  Hydroxy Phenyl Ac ids?  

~- 

( M I <  132-224) 

F r a c t i o n  #3 
Propyl  Guaiacol 
Dimethyl  Methoxy Phenol? 
Tr imethy l  Methoxy Phenol? 
C4 Nethoxy Phenol? 
C7 Phenol? 
CR Phenol? 
Dime thy1  Naphthol 
Tr imethy l  Naphthol 

F r a c t i o n  i '4  

Methyl  Naphthol 
(Two Isomers) 

Dimethyl  Naphthol 
(Seven Isomers) 

T r  ime t h y l  Naphthol 
A1 k y l a t e d  Hydroxy Phenyl Ac ids?  

(W 133-206) 

A d d i t i o n a l  a n a l y t i c a l  resu  f r o m  pet ro leum crude o i l  t e s t  methods have a l s o  
been produced f o r  t h e  wood o i l  .@? These t e s t s ,  performed a t  Southern Petroleum 
Labora tor ies ,  I nc . ,  a r e  i n d i c a t i v e  o f  t h e  d i f f e r e n c e  between LBL process wood-derived 
n i l  and crude petroleum. The numbers i n  Tab le  show t h a t  t h e  wood o i l  i s  a heavy 
n o n - a l i p h a t i c  o i l .  The h iqh  s o l i d s  and s a l t  c o n t e n t  w i l l  l i k e l y  be reduced t o  n e a r l y  
zero  by the  vacuum d i s t i l l a t i o n  s tep  o f  p r o d u c t  c lean-up. N e u t r a l i z a t i o n  numbers f o r  
t h e  d i s t i l l a b l e  f r a c t i o n s  o f  t h e  o i l  ranqed from 17.7 t o  5.3 when exoressed i n  u n i t s  
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of mq KOWgr. 
same d i s t i l l a b l e  f rac t ions .  

The ex is tan t  q u m  ranged from 621 to  827 mq/100 nl sample of the 

TkBLE 4. Analysis of LBL Process llood-derived Oil 

A P I  Gravity 0 60°F -4.93 
Specific Gravity @ G O O F  1.12 
Density 0 60°F lbs/gal 9.31 
Pentane Soluble, Volume Percent 3.25 
Sa l t ,  lbs/1000 hbls 79.a 
Total Solids,  BS8H 8.0 
From Reference 4 

ECONO#IC ANALYSIS 

An economic evaluation o f  the  two proce@fs under study a t  Albany was performed 
This study was undertaken w i t h  very and the r e su l t s  presented e a r l i e r  t h i s  year.  

l i t t l e  continuous p i lo t  sca le  data ava i lab le  and a s  such provides only a rough 
estimate of the projected economics. 
the product o i l  will be expensive. Table 5 i s  a sumary of the relevant data.  

I t  does indicate t h a t  with the present technology 

Capital Cost 

TABLE 5. Cost Data f o r  !,lood-derived Oil 

- LBL Process BOM Process 

2009 Green tonlday 

$/Nill ion BTU 
100% equity 
$/!li 11 ion BTU 
65/35 debt/equity 
$ / bar re1 
100% equity 
$/barrel 
65/35 debt/eouity 

Product Cost 
439.5 mill ion $56.1 Million 

$ 7.98 $ 5.56 

$ 0.59 5 6.72 

545.7 $42.7 

$37.8 $34.0 

:lid 1979 constant do l l a r s  
15% DCF ROR on equity 
Debt i n t e re s t  r a t e  9; l ong  term, 10% short  term 
Idood cos t  a t  1.25/millinn BTU (.511/green t o n )  

From Reference 5 

These calculations a re  for a commercial sized plant including many un i t  operations 
which have not ye t  been demonstrated a t  the Albany sca le  of operation and as  such 
a re  based t o  a s ign i f icant  degree on engineering judgment. 
economic analysis was t h a t  the processes appear to  he viable technically a n d  t h a t  
s iqn i f icant  cos t  reductions may be Dossible through process improvement a n d  op t i -  
mization. 
Process development work a t  DOE'S Experimental Fac i l i t y  should provide answers to  
these questions. These answers will l i ke ly  have a s ign i f icant  e f f ec t  on process 
cos ts ,  however, i t  i s  not en t i r e ly  c l ea r  whether the cos ts  will increase o r  decrease. 
A n  additional area which will require ana lys i s  will be the use of the wood o i l  as a 
petroleum subs t i tu te  in chemical production. 
chemical f rac t ions  of the wood o i l  i s  presently under study a t  PNL.  

The  conclusion from the 

There a re  many remaining questions r e l a t ive  to the Albany processes. 

The separation and use of various 
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CONCLUSIO!IS 

Hhen considered f o r  use a s  a s u b s t i t u t e  f u e l  o i l ,  wood o i l  as produced a t  
Albany by t h e  LEL process appears q u a l i t a t i v e l y  t o  f a l l  somewhere between pet ro leum 
d e r i v e d  "6 Fuel O i l  and t h e  s y n t h e t i c  o i l  d e r i v e d  from t h e  Occ iden ta l  F lash  P y r o l y s i s  
process as shown i n  Table 6. !k!ood o i l  f a l l s  n e a r l y  h a l f  way between the  o t h e r  two 
o i l s  i n  nea r l y  a l l  ca tego r ies  except  t h a t  wood o i l  i s  v e r y  l o w  i n  s u l f u r  con ten t .  

TACLE 6. Comparison o f  Some Fuel O i l s  

C H N 0 - - - _ _  
klood O i l  72.3 0 . 6  0 . 2  17.6 
Dry Vlood O i l  80.2 3.5 0.2 11.1 

O y r o l y t i c  O i l  57.0 7.7 1 .1  31.2 

(by c a l c u l a t i o n )  
# h  Fuel O i l  85.7 10.5 7.0 0-3.5 

* Leqal s u l f u r  l i m i t  determined by use s i t e ,  

HC Densi ty  
2 && Y o i s t u r e  BTU/lb g/ml 
O . o m  .075 3.5  14500 1.15 
0.006 .OFF, 0.0 15800 -- 

0-3.5'' 0.05 0.20 13200 1.02 
0.: 0 .5  14  10600 1.39 

e.g., 0.352 maximum i n  Los Angeles County 

Th is  comparison i s  v a l i d  on a chemical basis, however, as s t a t e d  e a r l i e r  the use o f  
wood o i l  p u r e l y  as a s u b s t i t u t e  f u e l  i s  n o t  c u r r e n t l y  economical ly  a t t r a c t i v e .  
Desp i te  the l a r g e  amount o f  resources a l r e a d y  expended on research  o f  t h i s  process, 
i t  remains i n  a developmental s tage and new technology c o u l d  have a s i g n i f i c a n t  
impact on the  process economics. The a l t e r n a t e  use o f  wood o i l  as a chemical feed-  
s tock  i s  a l s o  being s tud ied .  
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Starch  Hydro l ys i s  f o r  Ethanol Product ion 

Gerald B. Borglum 

Mi les  Labora tor ies ,  I nc .  
I n d u s t r i a l  Products Group 

P.O. Box 932 
E l k h a r t ,  Ind iana 46515 

Ethanol and e thano l -gaso l ine  m ix tu res  have been considered f o r  use as fue l  
s ince the e a r l y  days o f  t h e  automobi le.  The abundant and l e s s  expensive pe t ro -  
leum supply precluded ex tens ive  use o f  ethanol  as f u e l  and o n l y  i n  the  l a s t  few 
years has the  general p u b l i c  become aware o f  and concerned about t h e  dwind l ing  
and inc reas ing l y  expensive petroleum supp l ies .  I n t e r e s t  i n  extending gasol ine 
suppl ies w i t h  e thano l -gaso l ine  m ix tu res  has increased g r e a t l y .  

Mankind since e a r l y  recorded h i s t o r y  has produced ethanol  from simple 
sugars by anaerobic yeas t  fe rmenta t ion .  I w i l l  d iscuss the  enzymatic p roduc t ion  
o f  t he  s imple sugar, g lucose from s ta rch  f o r  conversion by yeas t  i n t o  ethanol 
and t h e  c o n t r i b u t i o n  o f  enzyme cos t  i n  producing ethanol .  

Refer r ing  t o  F igure  1, s ta rch  i s  a polymer o f  glucose. The glucose u n i t s  
are j o ined  i n  hemiacetal bonds between carbon one and carbon f o u r  f o r  nea r l y  a l l  
the  bonds and between carbon one and carbon s i x  f o r  a small number o f  bonds 
which are branch p o i n t s  i n  amylopect in,  one o f  the  t w o  types o f  s t a r c h  polymers. 
The hemiacetal bonds are  a l l  a lpha con f igu ra t i on ,  t h a t  i s ,  i n  the  Haworth s t ruc-  
t u r e  shown the  carbon one bond t o  another glucose u n i t  i s  below t h e  p lane o f  the  
molecule. Cereal g r a i n  s ta rch  i s  normal ly  a mix tu re  o f  two types o f  polymers: 
amylose, a l i n e a r  glucose polymer, and amylopect in,  a branched polymer. 

The process steps i n  conver t i ng  s ta rch  t o  dextrose are  g e l a t i n i z a t i o n ,  
l i q u e f a c t i o n  and s a c c h a r i f i c a t i o n .  S tarch  i s  found i n  na ture  as i nso lub le ,  
non-d ispers ib le  granules r e s i s t a n t  t o  enzymic breakdown. S tarch-bear ing  gra ins  
such as corn ,  wheat, r ye  and sorghum must be ground t o  a f i n e  meal, a t  l e a s t  
12-16 mesh, t o  expose the  s t a r c h  granules t o  the  s l u r r y i n g  water.  Ge la t i n i za -  
t i o n  i s  the  swe l l i ng  o f  t he  s ta rch  granu le  i n  the  presence o f  heat and water. 
The s ta rch  loses i t s  c r y s t a l l i n i t y  and becomes an amorphous ge l  t h a t  can be 
at tacked by enzymes. A t  t h i s  p o i n t ,  t he  s ta rch  o r  ground g r a i n  s l u r r y  th ickens 
considerably and would be d i f f i c u l t  t o  process i f  an alpha-amylase w e r e  no t  
added t o  p a r t i a l l y  hydro lyze  t h e  s t a r c h  t o  dex t r i ns .  The d e x t r i n  s o l u t i o n  i s  
much more f l u i d ;  thus ,  we say the  s ta rch  gel  i s  l i q u e f i e d .  The alpha-amylase 
serves t o  reduce the  v i s c o s i t y  o f  t he  s o l u t i o n  and a l so  t o  produce a lower 
molecular s i z e  subs t ra te .  Th is  smal le r  subs t ra te  molecule i s  needed f o r  t he  
e f f i c i e n t  ac t i on  o f  glucoamylase which hydrolyzes the  d e x t r i n s  t o  glucose. 

As  descr ibed above, t h e  hyd ro l ys i s  o f  s ta rch  t o  glucose requ i res  two types 
of enzymes. The alpha-amylase i s  a b a c t e r i a l  thermostable endo-amylase. I t hy- 
d ro lyzes  w 1 , 4  bonds a t  random p o i n t s  i n  the  s ta rch  molecule t o  r a p i d l y  reduce 
t h e  v i s c o s i t y  o f  g e l a t i n i z e d  s t a r c h  so lu t i ons .  Th is  enzyme i s  a metal ion-  
con ta in ing  p r o t e i n  and requ i res  a small amount o f  calc ium i o n  du r ing  use f o r  
maximum a c t i v i t y  and s t a b i l i t y .  The a c t i o n  o f  alpha-amylase on amylopect in i s  
i l l u s t r a t e d  i n  Figure 2; t h e  a c t i o n  on amylose i s  i d e n t i c a l .  The enzyme cannot 
hydrolyze w 1 , 6  bonds b u t  can by-pass these branch p o i n t s  i n  amylopect in.  The 
produc t  of t he  reac t i on  i s  d e x t r i n s  - sho r t  glucose chains,  and smal l  amounts o f  
glucose and maltose. 

Glucoamylase, produced by fung i ,  i s  an exo-amylase. It hydrolyzes the  
maltose and dex t r i ns  from t h e  non-reducing end o f  t he  molecule. Glucoamylase 
hydrolyzes bo th  a-1,4 and w 1 , 6  bonds t o  completely degrade t h e  d e x t r i n s  t o  
glucose. The enzyme i s  o p t i m a l l y  a c t i v e  a t  pH 3.5-4.5 so pH adjustment a f t e r  
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sacchar i f i ca t i on  i s  no t  needed f o r  t he  yeas t  fe rmenta t ion .  The yeas t  fermenta- 
t i o n  takes p lace  a t  pH 3.7 - 4. 

The most p l e n t i f u l  and most commonly used cerea l  g r a i n  as source o f  s ta rch  
i s  corn. The composi t ion o f  t he  co rn  kerne l  i s  g i ven  i n  Table 1; the mois tu re  
conten t  can vary  considerably.  Wi th  16% w/w mo is tu re  t h e  s ta rch  i s  t y p i c a l l y  
61% W/W o f  t he  co rn  kerne l .  On a d ry  bas is  the  s ta rch  c o n s t i t u t e s  72% w/w o f  
the  corn  composition. There a re  th ree  cooking procedures used f o r  s ta rch  gela- 
t i n i z a t i o n  and 1 iquefac t ion :  atmospheric batch, pressure batch and continuous 
l i que fac t i on .  The mash concent ra t ion  t o  use depends on t h e  subs t ra te ,  process- 
i n g  cond i t i ons  and equipment. Th is  step requ i res  h igh  temperature and s o l i d s  
concent ra t ion  should be as h igh  as can be handled t o  minimize the  energy cos t .  
Typ ica l  mash concent ra t ions  a re  20-30% w/w d ry  s o l i d s  f o r  ground whole c o r n  and 
2535% W/W d ry  s o l i d s  f o r  corn s ta rch  as subs t ra te .  

I 

TABLE 1 
Approximate Composition of the  Corn Kernel 

Mo is tu re  
Starch 
P r o t e i n  
O i l  (Fa t )  
F ibe r  
Pentosans 
Sugars 
Minera ls  (Ash) 

Percent,  As-Is Percent,  DSB 

16 
6 1  

9 
3 .8  
2 
5.3 
1.6 
1 .3  

72 
11 
5 
2 
6 
2 
2 

The subs t ra te  s l u r r y ,  under continuous a g i t a t i o n ,  i s  ad jus ted  t o  pH 6-6.5 
w i t h  l ime  s l u r r y  and 0.02% - 0.15% w/w Taka-Therm on d r y  s t a r c h  bas is  (DSB) i s  
added t o  the  s l u r r y  depending on t h e  cooking process as i n d i c a t e d  i n  Table 2. A 
6OoC ho ld  pe r iod  i s  recommended f o r  ground whole co rn  t o  ensure thorough hydra- 
t i o n .  Starch g e l a t i o n  begins a t  66OC and maximum v i s c o s i t y  i s  reached a t  72'C. 
I n  the atmospheric and pressure batch processes the  temperature r i s e  may need t o  
be slowed o r ,  i f  necessary, t he  temperature he ld  t o  a l l o w  the  enzyme t ime t o  
a t tack  t h e  s ta rch  and reduce the  v i s c o s i t y  f o r  e f f i c i e n t  s t i r r i n g .  I n  the  
atmospheric ba tch  process (ABL) the  subs t ra te  i s  he ld  a t  9OoC-95OC u n t i l  l i q u e -  
f a c t i o n  i s  complete. Th is  t y p i c a l l y  requ i res  30-90 minutes. The subs t ra te  
should have a dextrose equ iva len t  (DE) o f  a t  l e a s t  10-14 and should no t  g i ve  a 
s ta rch- iod ine  b lue  c o l o r .  The subs t ra te  i n  t h e  pressure ba tch  process (PBL) i s  
he ld  a t  140°C-1630C f o r  15 minutes and then f l a s h  cooled t o  9Oo-95OC. An addi- 
t i o n a l  0.1% w/w, DSB, enzyme i s  added and l i q u e f a c t i o n  completed as w i t h  the  
atmospheric batch process. I n  the  continuous cooking process (CL) t h e  subs t ra te  
s l u r r y  i s  jet-cooked t o  140°-1630C, h e l d  f o r  f i v e  minutes a t  t h i s  temperature 
and f l a s h  cooled t o  90°-95'. A t  a t  p o i n t  0.13% w/w, DSB, enzyme i s  added and 
l i q u e f a c t i o n  completed as f o r  t he  atmospheric ba tch  process. 

TABLE 2 
S t a r c  hL ique fac  t i on 

ABL 

Taka-TherM: 

0.15% w/w, DSB 

c 

Heat t o  9Oo-95OC 

PEL 

Taka-Therm: 

0.05% w/w, DSB 

Heat t o  140°-1630C 

- CL 

Ta ka-Therm: 

0.02% w/w, DSB 

J e t  cook t o  140°-1630C 

- 
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1 Flash cool  t o  9Oo-95OC, Flash cool  t o  9Do-95OC, 
add 0. I% w/w, DSB add 0.13% w/w, DSB 
Taka-Therm@ Taka-Therm 

Ho ld  a t  9Oo-95'C, Hold a t  9O-9S0C, Hold a t  9Oo-95OC. 
30-90 minutes 30-90 minutes 30-90 minutes 

There are advantages and disadvantages f o r  t he  th ree  processes. The a t -  
mospheric ba tch  process does n o t  r e q u i r e  pressure equipment and h igh  pressure 
steam which are  cos t  advantages. On the  o the r  hand, complete g e l a t i n i z a t i o n  and 
s o l u b i l i z a t i o n  o f  h igh  corn  s t a r c h  concent ra t ions  i s  d i f f i c u l t  t o  accomplish i n  
a s h o r t  processing t ime a t  t h e  l o w e r  atmospheric batch process temperature. 
Incomplete l i q u e f a c t i o n  g ives  a lower ethanol  y i e l d  pe r  u n i t  mass o f  subs t ra te  
o r  w i l l  r equ i re  a longer  yeas t  fe rmenta t ion  t ime,  which a re  cos t  disadvantages. 

Diazyme@ L-100, a glucoamylase, i s  used t o  hydrolyze the  d e x t r i n s  t o  dex- 
t r o s e  f o r  t h e  yeas t  fe rmenta t ion .  The s a c c h a r i f i c a t i o n  can be completed be fore  
t h e  yeas t  fe rmenta t ion  o r  a cont inuous s a c c h a r i f i c a t i o n  du r ing  the  yeas t  fermen- 
t a t i o n  can be used (Table 3). The f i r s t  method i s  e s s e n t i a l l y  t h a t  used i n  
dex t rose  produc t ion .  The l i q u e f i e d  s ta rch  i s  cooled t o  6OoC, t i t r a t e d  t o  pH 
4-4.5 and glucoamylase added a t  0.22% v/w, DSB. The enzyme l e v e l  used i s  100 
DiazymeB u n i t s  per  pound o f  d r y  s ta rch .  The mix tu re  i s  he ld  a t  6OoC u n t i l  a 
reduc ing  sugar l eve l  o f  95 DE o r  g rea te r  i s  reached; t h i s  takes 36-72 hours. 
I n s o l u b l e  ma te r ia l s  such as p r o t e i n ,  f i b e r  and f a t  can be removed a t  t h i s  stage 
i f  desired by c e n t r i f u g a t i o n  o r  f i l t r a t i o n .  The syrup i s  d i l u t e d  t o  19% w/w 
s o l i d s  w i t h  water and cooled t o  3OoC. Yeast i s  added f o r  t he  fermentat ion.  

TABLE 3 
S a c c h a r i f i c a t i o n  and Fermentat ion 

L ique f ied  Starch: 6OoC 
pH 4-4.5 
0.22% v/w, DSB, DiazymeB L-100 

Compl e t e  

Hold t o  95 + DE 
(36-72 hours) 

Continuous 

D i l u t e  t o  19% w/w s o l i d s ,  
Hold 1-2 hours 

D i l u t e  t o  19% w/w s o l i d s  

Cool t o  3OoC and ferment Cool t o  3OoC and ferment 

I n  the concur ren t  o r  cont inuous s a c c h a r i f i c a t i o n  process the  l i q u e f i e d  
s t a r c h  i s  cooled, t i t r a t e d  t o  pH 4-4.5 and enzyme added as i n  the  complete 
s a c c h a r i f i c a t i o n  process. The m ix tu re  i s  d i l u t e d  and he ld  a t  6OoC f o r  on l y  one 
t o  two hours t o  produce enough dextrose f o r  the  s t a r t  o f  t h e  fermentat ion.  
D e x t r i n  hyd ro l ys i s  t o  40 DE i s  s u f f i c i e n t  t o  g i ve  the  yeas t  an i n i t i a l  r a p i d  
fe rmenta t ion  r a t e .  The syrup i s  cooled t o  3OoC and yeas t  i s  added f o r  t he  
ethanol  fermentat ion.  The glucoamylase a c t i o n  i s  cons iderab ly  s lower a t  3OoC 
b u t  t h e  enzyme a c t i v i t y  i s  g r e a t  enough t o  keep t h e  yeas t  supp l ied  w i t h  dex- 
t rose .  DiazymeB L-100 a l s o  con ta ins  an alpha-amylase which a ids  i n  hyd ro l yz ing  
t h e  d e x t r i n s  and s ta rch  which may have surv ived the  l i q u e f a c t i o n  step. 

To c a l c u l a t e  the  e f f i c i e n c y  o f  t he  fe rmenta t ion  we need t o  c a l c u l a t e  the  
t h e o r e t i c a l  ethanol  y i e l d  f r o m  s ta rch .  Re fe r r i ng  t o  Table 4, i n  the  hyd ro l ys i s  
of  s ta rch  a water molecule i s  added across each g l y c o s i d i c  bond so one gram 
s ta rch  completely hydrolyzed would g i ve  1.11 g glucose. From Gay-Lussac's 
equat ion  the  1.11 g glucose would t h e o r e t i c a l l y  y i e l d  0.567 g ethanol .  Using 

266 



the  dens i t y  of ethanol  we c a l c u l a t e  t h e  p roduc t i on  o f  one g a l l o n  100% ethanol  
from 11.59 pounds s ta rch .  I n  terms of co rn  as subs t ra te  and t a k i n g  the we igh t  
o f  a bushel of corn  t o  be 56 pounds con ta in ing  6% w/w s ta rch ,  a bushel o f  c o r n  
would Y i e l d  2.95 ga l l ons  o f  ethanol .  

TABLE 4 
Theoret i c m n o l  Y i e l d  

1 . 0  g s ta rch  + H20 - 1.11 g glucose 

C6H1206 4 2 C2HsOH + 2 Cop 
1.11 g 0.567 g 

Bushel corn  - 2.95 ga l l ons  
61% w/w s ta rch  Ethanol 

This t h e o r e t i c a l  y i e l d  does n o t  take  i n t o  account ethanol  l o s s  due t o  
carbohydrate used f o r  yeas t  growth and t o  carbohydrate used i n  t h e  format ion of 
smal l  amounts o f  non-ethanol p roduc ts  by t h e  yeas t .  A s i m p l i f i e d  b i o s y n t h e t i c  
pathway from glucose t o  ethanol  i s  shown i n  Table 5. Th is  i s  the  Embden- 
Meyerhof-Parnas scheme f o r  g l y c o l y s i s .  G lyce ro l  and l a c t i c  a c i d  a re  formed i n  
smal l  amounts compared t o  ethanol  syn thes is  b u t  c o n t r i b u t e  t o  g i v e  a y i e l d  l e s s  
than s to i ch iomet r i c  fo rmat ion  o f  ethanol  from glucose. A l low ing  f o r  t he  growth 
o f  yeas t  c e l l s  and the  fo rmat ion  o f  fe rmenta t ion  by-products t h e  maximum fermen- 
t a t i o n  e f f i c i e n c y  i s  about 95% o f  s to i chmet r i c  y i e l d .  

TABLE 5 
Ethanol B iosynthes is  

G1 ucose 
J. 
J. 

J. 
J. 

J. 
J. 

Glyceraldehyde-3-P04++Glycerol 

Pyruv ic  Ac id  3 L a c t i c  Ac id  

Ethanol 

A fe rmenta t ion  w i l l  t y p i c a l l y  y i e l d  2.5 ga l l ons  ethanol  p e r  bushel corn, an 
85% fermenta t ion  e f f i c i e n c y .  I n  c a l c u l a t i n g  the  enzyme cos t  i n  producing a 
g a l l o n  o f  ethanol ,  I used t h e  p r i c e s  f o r  standard packages o f  our enzyme pro-  
ducts,  a 55 g a l l o n  drum f o r  Taka-Therm and a 200 l i t e r  drum f o r  Diazyrne@ L-100. 
(Table 6) Theore t i ca l  ethanol  y i e l d  i s  one g a l l o n  from 11.59 pounds s ta rch .  
The recommended enzyme use l e v e l s  a re  0.15% w/w, DSB f o r  t he  a-amylase and 100 
Diazyme@ u n i t s  o r  one m i l l i l i t e r  Diazyme@ L-100 per  pound d ry  s ta rch .  The c o s t  
f o r  the  t h e o r e t i c a l  y i e l d  i s  5.4 cents  per  ga l l on .  For a y i e l d  a t  85% fermenta- 
t i o n  e f f i c i e n c y  the  enzyme c o s t  i s  6.4 cents per  ga l l on .  The enzyme cos t  can be 
reduced by us ing  l esse r  amounts o f  enzyme. One must take  i n t o  cons idera t ion  
t h a t  an a-amylase l e v e l  t h a t  i s  t o o  low w i l l  g i ve  incomplete s ta rch  s o l u b i l i z a -  
t i o n  and concomitant l o s s  o f  ethanol  y i e l d .  A glucoamylase l e v e l  t h a t  i s  t oo  
low w i l l  extend the  fe rmenta t ion  t ime f o r  the concur ren t  sacchar i f i ca t i on -  
fermentat ion process because dextrose i s  n o t  produced as r a p i d l y  as the  yeas t  
can conver t  i t  t o  ethanol .  
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Ta ka-ThermB 
D i azymed L- 100 

TABLE 6 
E n z y m e s t  

Standard Pkg. 

500 l b .  drum 
200 l i t e r  drum 

$1.35/ lb.  
$2.625/1 i t e r  

One g a l l o n  ethanol  from 11.59 l b .  s ta rch .  

Ta ka-Therm: 

Diazymed L-100: 
11.59 l b .  x 0.15% x $1.35/lb. enzyme $0.0235 

11.59 l b .  x U l b  x $2.625/2, enzyme 0.0304 
To ta l  $0.054 

Fermentat ion a t  85% e f f i c i e n c y  $0.064 
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FIGURE 1 
STRUCTURE OF STARCH 
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INTRODUCTION 

There has been a recent increased i n t e r e s t  i n  the  possible comnercial u t i l i za t ion  of 
waste biomass f o r  both material and energy recovery due t o  the  s teadi ly  r i s i n g  price 
of fossi l  fuels .  
a r e  inadequate f o r  the cost e f fec t ive  u t i l i z a t i o n  of t h e i r  l a t e n t  energy values; 
waste cel lulose conversion via acid hydrolysis t o  xylose and glucose followed by 
fermentation t o  ethanol of fe rs  an a t t r a c t i v e  a l te rna t ive .  Additionally, as  is  
shown i n  Figures 1 and 2, the  xylose and glucose from ce l lu los ic  wastes coyld be 
used a s  the basic raw material f o r  the manufacture of many "petrochemicals , or  
more precisely volume chemicals which a r e  presently obtained from petrochemical 
feedstocks. 

Ethanol production from biomass sources i s  proposed t o  increase due t o  various govern- 
ment incentives to  meet projected "Gasahol" production leve ls  by 1985. 
high yield,  energy e f f i c i e n t  process based on waste ce l lu lose  would have many advan- 
tages as compared t o  the  more conventional grain processing technology now being 
u t i l i zed .  The economic v i a b i l i t y  o f  ethanol from cel lulose does not exclusively 
depend on by-product values, as does ethanol from grain,  b u t  would be most sens i t ive  
t o  the cost of the waste ce l lu lose  feedstock. 

The N Y U  continuous acid hydrolysis process has been u t i l i zed  i n  the  past primarily 
f o r  the  conversion of c r y s t a l l i n e  a-cel lulose t o  glucose. Under the rather  severe 
conditions of h i g h  temperature required f o r  t h i s  process, the amorphous hemicellulose 
fract ion primarily composed of pentosans i n  hardwoods is  converted beyond the sugars 
t o  fur fura l .  I t  has been the  object ive of our recent experiments t o  show the f i a s i -  
b i l i t y  of performing a continuous two  s tage  hydrolysis which would allow foi, a mwe 
complete u t i l i z a t i o n  of carbohydrate content. Conceptually, the pr,ocess i s  shown i n  
Figure 3. By using a mild prehydrolysis and extract ion,  i t  i s  possible t o  reclaim 
a major portion of the hemicellulose f rac t ion  as  xylose. Subsequently i t  i s  pro- 
posed t o  hydrolyze continuously the remaining hexosan f rac t ion  to  glucose by the 
usual process. 

Currently employed methods f o r  dealing with these sol id  r e s i d x s  

A re l iab le ,  

HISTORICAL REV I EW 

Acid hydrolysis of cel lulose has been extensively studied f o r  the bet ter  par t  of a cen- 
tu ry ,par t icu lar ly  i n  connection with the manufacture of ethanol f ran  wood wastes. (1,2,3) 
Attempts t o  commercialize th i s  technology in Europe and the  U.S. occurred only a t  war- 
time when petroleum was cu t  off. A s ign i f icant  e f f o r t  has been ongoing i n  the  USSR. 
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Cel lu lose  de r i ved  from f o r e s t r y ,  a g r i c u l t u r a l  o r  mun ic ipa l  res idues  has th ree  main com- 
ponents; c r y s t a l l i n e  a -ce l l u lose ,  amorphous hemice l lu lose  and 1 i g n i n .  The c e l l u l o s e  
f rac t i ons  i n  these residues reac t  d i f f e r e n t l y  when exposed t o  a c i d  hyd ro l ys i s  condi-  
t i o n s  because o f  t h e i r  r e l a t i v e  degree o f  mo lecu la r  o rde r  o r  a c c e s s i b i l i t y .  
phous hemice l lu lose  reac ts  t o  form sugars a t  cond i t i ons  much less  severe than those 
requ i red  f o r  t he  c r y s t a l  l i n e  a - c e l l u l o s e  conversion t o  glucose. (4 )  
t o  e x t r a c t  t he  maximum carbohydrate va lue  from c e l l u l o s e  residues, s tud ies  t o  accomplish 
a two stage hyd ro l ys i s  i n  which the  hemice l lu lose  f r a c t i o n  i s  prehydrolyzed and ex- 
t rac ted  p r i o r  t o  a concentrated s u l f u r i c  a c i d  a -ce l l u lose  h y d r o l y s i s  have been repor ted  
by Dunning e t .  a l .  and by  S i t t o n  e t .  a l .  (5 ,6)  

There e x i s t ,  bo th  economic and techn ica l  f a c t o r s  which favo r  d i l u t e  a c i d  hyd ro l ys i s  
O f  a -ce l l u lose  t o  glucose t o  be conducted a t  h i g h  temperatures f o r  s h o r t  t imes so as t o  
maximize the  glucose y i e l d .  Numerous k i n e t i c  s tud ies ,  i n i t i a l l y  by Saeman and l a t e r  
Porteous, Fagan, Converse and Gre th le in  have been use fu l  i n  the  cha rac te r i za t i on  o f  
heterogeneous hyd ro l ys i s  of  var ious  c e l l u l o s e  feedstocks.  
mum sugar y i e l d  o f  55% w i t h  0.4% a c i d  a t  230°C, the  y i e l d s  be ing  based on percentage 
conversion o f  a v a i l a b l e  a - c e l l u l o s e  t o  glucose. 
ou t  w i t h  r a t h e r  small samples (0.5 gms) of  b a l l  m i l l  K r a f t  paper and v e r i f i e d  the  
Porteous p red ic t i ons .  
ment o f  improved process designs and economic data o f  waste c e l l u l o s e  and/or e thy l  a l -  
cohol p roduc t ion  f a c i l i t i e s  (2,7,8,9, 10).  

Gre th le in  has r e c e n t l y  proposed and b u i l t  a p lug  f l o w  p i p e  r e a c t o r  i n  which near l y  
isothermal cond i t i ons  can be maintained. 
based on a ba tch  r e a c t o r  i s  c u r r e n t l y  underway. 
temperature, sho r t  t ime d i l u t e  a c i d  h y d r o l y s i s  reac t i ons  f a v o r  t h e  produc t ion  of g lu -  
cose versus i t s  degradat ion.  Y ie lds  o f  80-90% o f  t he  a v a i l a b l e  glucose may t h e o r e t i -  
c a l l y  be ob ta ined under i d e a l  cond i t i ons .  (11,121 

Experimental i nves t i ga t i ons  on the  d i l u t e  a c i d  hyd ro l ys i s  of waste c e l l u l o s e  t o  g lu -  
cose have been c a r r i e d  ou t  a t  t he  Department o f  App l ied  Science o f  New York U n i v e r s i t y  
over the pas t  f i v e  years.  The waste c e l l u l o s e  feedstock employed i n  the  i n i t i a l  s tud ies  
was newspaper pu lp .  
ness of  var ious  pretreatments f o r  enhancing t h e  a c c e s s i b i l i t y  o f  t he  c e l l u l o s e  and the  
de terminat ion  o f  t he  optimum reac t i on  cond i t i ons  f o r  maximizing t h e  sugar y i e l d s .  

The hyd ro l ys i s  experiments were i n i t i a l l y  c a r r i e d  o u t  batchwise w i t h  two d i f f e r e n t l y  
s i zed  s t i r r e d  s t a i n l e s s  s t e e l  au toc lave  reac tors .  
determined t o  be temperatures around 22OoC-230"C and r e a c t i o n  t imes o f  less than 30 
seconds w i t h  about 1 w t %  of  s u l f u r i c  ac id .  (13) These r e s u l t s  agree q u i t e  w e l l  w i t h  
the  r e s u l t s  o f  t h e  k i n e t i c  r a t e  s tud ies  which were p rev ious l y  repo r ted  by Porteous and 
Fagan. (9 )  

More recen t l y ,  ove r  the  pas t  th ree  years,  s tud ies  a t  NYU have r e s u l t e d  i n  t h e  design, 
cos t i ng  and cons t ruc t i on  of  a cont inuous waste c e l l u l o s e  t o  glucose p i l o t  p l a n t  w i t h  
a nominal 1-2 ton lday  capac i ty .  Th is  p i l o t  p l a n t  i s  based on the  concept o f  employ- 
i n g  an i n t e n s i v e  screw mixer lconveyor f o r  con t inuous ly  r e a c t i n g  waste c e l l u l o s e  a t  
s u i t a b l y  e leva ted  temperatures i n  t h e  presence o f  ac id .  

The key t o  successful  opera t ion  o f  a cont inuous a c i d  h y d r o l y s i s  process i s  t he  design 
o f  t he  h y d r o l y s i s  reac tor .  
charging hydro lyzab le  c e l l u l o s i c  ma te r ia l s  cont inuous ly  w h i l e  ma in ta in ing  appropr ia te  
temperatures and assoc ia ted  pressures i n  a reac t i on  zone. 
requ i res  ,exposure o f  t he  r e a c t o r  components t o  d i l u t e  ac ids  a t  h i g h  temperatures and 
pressures, a l l  ma te r ia l s  of  cons t ruc t i on  have t o  be r e s i s t a n t  t o  co r ros ion  e s p e c i a l l y  
i n  the  r e a c t i o n  zone. 

The amor- 

Therefore,  i n  o rde r  

Porteous p red ic ted  a maxi- 

The Fagan exper iments were c a r r i e d  

Such k i n e t i c  s tud ies  a re  o f  cons iderab le  va lue  f o r  t he  develop- 

V e r i f i c a t i o n  o f  p rev ious l y  developed data 
The k i n e t i c  model i nd i ca tes  t h a t  h igh  

Th is  exper imental  work i nvo l ved  an eva lua t i on  o f  t he  cos t  e f f e c t i v e -  

The optimum r e a c t i o n  cond i t i ons  were 

This r e a c t o r  must be capable o f  feed ing ,  conveying and d i s -  

Because t h i s  hyd ro l ys i s  
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A Werner & P f l e i d e r e r  ZDSK53 ( 5 3 m )  twin screw ex t rude r  (Werner & P f l e i d e r e r  Corpor- 
a t i on ,  Ramsey, N. J . )  was se lec ted  on account o f  i t s  capac i t y  f o r  conveying, mix ing  
and ex t rud ing  the  requ i red  amounts of  c e l l u l o s i c  feedstock. 
accura te  c o n t r o l  o f  temperature, pressure,  residence t ime, e tc . ,  w i t h i n  the  p rev ious l y  
es tab l i shed  a c i d  hyd ro l ys i s  ope ra t i ng  cond i t i ons  w h i l e  cont inuous ly  feed ing  and d i s -  
charg ing  ma te r ia l .  

Th is  equipment was ob ta ined and i n s t a l l e d  a t  t he  Antonio F e r r i  Labora tor ies  o f  New 
York U n i v e r s i t y  (Westbury, Long I s land ,  N.Y.) and cons iderab le  progress has been 
achieved i n  t h e  development and c h a r a c t e r i z a t i o n  o f  r e a c t i o n  cond i t ions .  
s ions  o f  50-60% y i e l d  based on a v a i l a b l e  a - c e l l u l o s e  have been repor ted .  (14) Exper i -  
ments have been run  w i t h  d i ve rse  feeds tocks  such as paper pu lp  (10% s o l i d s )  and hard- 
wood sawdust (95% s o l i d s ) .  
w i l l  r e s u l t  w i t h  improved process con t ro l .  

Th i s  machine a l lows 

Conver- 

It i s  a n t i c i p a t e d  t h a t  s i g n i f i c a n t  increases i n  y i e l d  

CONTINUOUS A C I D  HYDROLYSIS STUDIES-HEMICELLULOSE UTILIZATION 

I n  the  course o f  recent  exper iments t o  improve the  l e v e l  o f  carbohydrate u t i l i z a t i o n  f o r  
t he  cont inuous a c i d  hyd ro l ys i s  process, t he  feedstock used was a mixed hardwood sawdust; 
A rep resen ta t i ve  ana lys is  o f  t h i s  i s  shown i n  Table 1. 

Table 1: Ana lys is  o f  Mixed Hardwood Sawdust. (4 )  

a -ce l l u lose  ( c r y s t a l l i n e )  
hemice l l u los i c  glucan 
g l  ucomannan (ace ta te )  
a rab ioga lac tan  
4-0-methyl-gl ucurono (a rab ino)  xy lan  (ace ta te )  
l i g n i n  

To ta l  

% by w t .  
45 

21 25 i>.’ 
100 

Ana ly t i ca l  procedures f o r  t h i s  complex system are  be ing  developed us ing  h i g h  pressure 
l i q u i d  chromatography (HPLC). I n i t i a l  de termina t ions  o f  sugar y i e l d s  f rom hemice l lu lose ,  
however, u t i l i z e d  a dual-wavelength spec t rophotomet r ic  technique w i t h  o r c i n o l  reagent 
(15) ;  t h i s  and s i m i l a r  e a r l y  methods a re  un fo r tuna te l y ,  sub jec t  t o  s i g n i f i c a n t  in te r fe rences .  

I n i t i a l  p rehydro lys i  s exper iments f o r  t he  hardwood sawdust were d i r e c t e d  toward the  de ter -  
m ina t i on  o f  r e a c t i o n  cond i t i ons  ( a c i d  concent ra t ion ,  temperature and res idence t ime)  f o r  
s a t i s f a c t o r y  u t i l i z a t i o n  o f  t he  hemice l l u lose  f r a c t i o n .  
i n  F igure  4. Subsequently, i t  i s  proposed t o  hydro lyze  the  res idua l  a -ce l l u lose  f r a c t i o n  
by p rev ious l y  descr ibed methods (13, 14)  

P re l im ina ry  f i n d i n g s  are presented 

YIELD ANALYSIS - SUGARS AND ETHANOL 

For the  purpose o f  a p re l im ina ry  a n a l y s i s  t o  determine the  impact on ethanol  y i e l d  o f  hemi- 
c e l l u l o s e  prehydro lys is ,  t h e  chemical composi t ion f o r  hardwood sawdust i s  g iven  i n  Table 1. 
The data g iven i n  Table I 1  assumes 80% conversion o f  t he  hemice l lu lose  t o  sugar (glucose, 
mannose, o r  xy lose)  and 60% conversion o f  t he  a -ce l l u lose  t o  glucose. A 45% conversion of  
a l l  sugars i s  assumed t o  e thano l .  Based on these assumptions, one cou ld  expect a y i e l d  of 
72.2 ga l l ons  of  anhydrous a lcoho l  per  ton  o f  d ry  hardwood sawdust. 
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P R E L I M I N A R Y  ECONOMIC ANALYSIS 

L 

\ 
; 

I 

A p r e l i m i n a r y c o s t  ana lys i s  o f  a p l a n t  processing 2000 tons lday  of sawdust producing 48MM 
ga l l ons  of f u e l  grade ethanol  i s  presented i n  F igu re  5. The t o t a l  p l a n t  investment cos t  was 
est imated a t  $25M i n  1980. The p l a n t  scheme assumes the  energy saving advantages of con t in -  
uous fermentat ion and energy e f f i c i e n t  d i s t i l l a t i o n .  The l i g n o - c e l l u l o s i c  res idue i s  

TABLE ( I :  YIELD ANALYSIS; BASIS 100 LB H A R D W O O D  S A W D U S T  

Hemicellulose fraction (assume EO?? Conversion to sugars) 

3 Ib glucon x (180/162) x .8 = 2.26 Ib glucose 

5 Ib glucomannan (Ratio of glucose/mannose = 1/4) 

a) 

I Ib  glucan x (180/162)a) x .8 = 9.89 glucose 

4 Ib  mannon x (180/162)a) x .8 = 3.55 Ib mannose 

25 Ib 4-0-methyl-glucurono (arabino) xylan (acetate) 
(approximately 70% of weight due to xylan) 

25 Ib x . 7 x  (l50/132?) x .8 = 15.96 Ib xylose 

a- cellulose fraction (assume 6Oyo conversion to glucose) 

a) 
45 Ib  x (180/162) x .6 = 30 Ib glucose 

Hydrolyris Summary 

total sugars ~ 5 3 . 0 6  Ib 
Glucose = 33.55 Ib  

Xylose = 15.96 Ib 

Fermentation Y ie ld  (assume 45% conversion of sugars to ethanol 

53.06 Ib  x .45= 23.88 Ib ethano1/100 Ib sawdust 

23.88/661 = 3.61 gallon ethano1/100 Ib  sawdust 

3.61 x 20 =72.2 gallons ethanol/ton sawdust 

or 

or 

''ratio of molecular weight of glucose/glucan = mannose/mannan 

"ratio of molecul ar weight of xylose/xylan 
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u t i l i z e d  t o  generate h i g h  pressure steam f o r  cont inuous a c i d  hyd ro l ys i s  wh i l e  the  t o t a l  
p l a n t  i s  assumed t o  opera te  a t  a 91% capac i t y  f a c t o r .  The r e s u l t s  of  t he  ana lys i s  a re  
q u i t e  promising assuming a $30/ ton  feeds tock  sawdust cos t ;  a t  the  cu r ren t  market p r i c e  
o f  $1.77/ga1 f o r  anhydrous e thano l  t h e  p l a n t  would earn B40.8MM the f i r s t  year. I F  an 
80/20 debt /equ i ty  r a t i o  i s  assumed, a conserva t ive  payback f o r  t he  p l a n t  would be 1.84 
years.  

CONCLUSION AND FUTURE WORK 

The development o f  t he  NYU cont inuous a c i d  hyd ro l ys i s  process has been most favorab le .  
The cha rac te r i za t i on  o f  p r e f e r r e d  r e a c t i o n  cond i t i ons  f o r  bo th  hemice l lu lose  prehydro- 
l y s i s  and e x t r a c t i o n  fo l l owed  by a - c e l l u l o s e  hyd ro l ys i s  i s  con t inu ing .  Po ten t i a l  a lco-  
ho l  y i e l d  w i t h  hemice l lu lose  u t i l i z a t i o n  i s  es t imated  t o  increase 70% beyond t h a t  w i th -  
o u t  p rehydro lys is .  

A da ta  base f o r  the  u t i l i z a t i o n  o f  va r ious  waste c e l l u l o s e  feedstocks i s  being developed. 
P re l im ina ry  s tud ies  on the  fe rmenta t ion  o f  waste c e l l u l o s e  a c i d  hydro lyza tes  i s  underway. 
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F i g  . 3 :  S c h e m a t  i c  o f  c o n t i n u o u s  ac id  hydro lys is  w i t h  
hem i c e l l u l o s  e u t  i l i z  a t ion 



90 

85 

80 

75 

70 

65 

60 

55 

50 - 
x" 45 
6 

6 
8 35 

.- 
e 

40 
V 

30 

25 

20 

15 

10 

PRELIMINARY DATA ON THE EFFECTS OF ACID CONCENTRATION AND TEMPERATURE 
ON THE CONVERSION OF HEMICELLULOSE TO XYLOSE I N  HARDWOOD SAWDUST 
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RESIDUE 
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ENERGY 
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72.2 GALLONS 

ANHYDROUS 
E T H A N O L  

5.71 OPERATING 

25.29 OVERHEAD 

66.30 TOTAL COST 

COST 

-COST 

127 .79  GROSS PROFIT 
6 1 . 4 9  N E T  PRO.FlT 

SOLD AT 1 1 . 7 7 / G A L .  

PER TON SAWDUST 

2.000 TON PER DAY PLANT 

Total plant cost (1980): 
Conversion of hemi-cellulose to xylose: 
Conversion of a-cellulose to glucose: 
Conversion of sugars to ethanol: 

$75 million 
80% 
60% 
45% 

NET PROFIT: 

PRODUCTION: 48 million gallons anhydrous ethanol per year from 666,000 tons sawdust 

$122,980 per day, $40.8 million per yeor @ 91% copacity factor 

FIG. 5: PRELIMINARY ECONOMICS O F  CONTINUOUS PREHYDROLY SIS 
ACID HYDROLYSIS, FERMENTATION AND D I S T I L L A T I O N  
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Fuel  Alcohol  Product ion  from Whey and Gra in  Mixtures  

K .  M .  Shahani  and B .  A .  F r i e n d  

Department o f  Food S c i e n c e  and Technology 
U n i v e r s i t y  o f  Nebraska 

L i n c o l n ,  Nebraska 68583 

I 
I 

I I n  t h e  United S t a t e s ,  because  o f  r e c e n t  i n c r e a s e s  i n  cheese pro-  
duc t ion  t o  n e a r l y  4 b i l l i o n  pounds y e a r l y ,  more t h a n  38 b i l l i o n  pounds 
of f l u i d  whey are  g e n e r a t e d  each  y e a r .  Although c o n s i d e r a b l e  advances 
have been made r e c e n t l y  i n  deve loping  novel  approaches f o r  t h e  u t i l i z a -  
t i o n  of  s u r p l u s  whey, more t h a n  h a l f  of  t h e  whey produced i s  thrown 
away o r  dumped i n t o  t h e  sewer.  For example, i n  Nebraska only  140 m i l -  
l i o n  of  t h e  700 m i l l i o n  pounds of  whey produced a n n u a l l y  a r e  u s e d ,  
w h i l e  560 m i l l i o n  pounds a r e  was ted .  

f a t  and s a l t s .  A s  s u c h ,  dumping huge q u a n t i t i e s  o f  whey down t h e  d r a i n  
c o n s t i t u t e s  a s i g n i f i c a n t  l o s s  of a p o t e n t i a l  energy  s o u r c e  as w e l l  as 
imposing a l a r g e  b iochemica l  oxygen demand on our waste w a t e r  t r e a t m e n t  
f a c i l i t i e s .  Fermentat ion of  t h e  l a c t o s e  t o  e t h a n o l  f o r  u s e  i n  gasohol  
(10% a lcohol /90% g a s o l i n e  f u e l  b lend)  i s  a n  a t t r a c t i v e  a l t e r n a t i v e  i n  
l i g h t  o f  t o d a y ' s  c u r r e n t  pe t ro leum s h o r t a g e s  and ever i n c r e a s i n g  c o s t s .  

Pre l iminary  s t u d i e s  r e v e a l e d  t h a t  l a c t o s e  i n  s w e e t  a s  w e l l  as a c i d  
whey can be  fermented i n t o  a l c o h o l .  Whey o b t a i n e d  from t h e  manufacture  
o f  Cheddar, Mozzare l la ,  Swiss  and o t h e r  h a r d  cheeses  is sweet whey, 
whereas t h e  Cot tage  cheese  whey i s  c a l l e d  a c i d  whey because  of i t s  h i g h  
a c i d  c o n t e n t .  To o p t i m i z e  t h e  economics o f  t h e  p r o c e s s ,  t h e  h i g h l y  
n u t r i t i o u s  and r e l a t i v e l y  expens ive  whey p r o t e i n s  w e r e  recovered  by 
u l t r a f i l t r a t i o n  and t h e  r e s u l t i n g  permeate  used f o r  a l c o h o l  p r o d u c t i o n .  
One hundred m i l l i l i t e r  a l i q u o t s  o f  permeate  were i n o c u l a t e d  w i t h  a 

Liquid  whey c o n t a i n s  approximate ly  5% l a c t o s e ,  1% p r o t e i n  and 1% 

t r a i n e d  l a c t o s e  fe rment ing  -Kluyveromyces y e a s t  or a combinat ion o f  E. 
f r a  i l i s  and t h e  c l a s s i c a l  a l c o h o l  producer  Saccharom c e s  c e r e v i s i a e .  
as :hewn i n  Table  1, t h e r e  were no d i f f e r e n c e s  i n  t h e ' u t i l i z a t i o n  o f  
l a c t o s e  o r  t h e  p r o d u c t i o n  of  e t h a n o l  when e i t h e r  t h e  E. f r a g i l i s  o r  t h e  
mixed c u l t u r e  was used .  

Table  1. Fermentat ion e f f i c i e n c y  of s e l e c t e d  organisms i n  sweet whey 
permea t e a  

C u l t u r e  
% Residual  l a c t o s e  % Ethanol  

12h 24h 2 4h 

K .  f r a g i l i s  

K .  f r a g i l i s  + S .  c e r e v i s i a e  0 . 2 5  0 . 1 2  2 .0  

aThe whey permeate  c o n t a i n e d  5 . 1 %  l a c t o s e  i n i t i a l l y .  

T h e o r e t i c a l l y ,  180 grams o f  l a c t o s e  would b e  expec ted  t o  y i e l d  92 
grams o f  e t h a n o l  and 88 grams o f  carbon d i o x i d e .  The 5.1% l a c t o s e  i n  
whey would y i e l d  approximate ly  2 . 5 %  e t h a n o l  assuming 100% e f f i c i e n c y .  
A more r e a l i s t i c  e s t i m a t e  of 70-75% e f f i c i e n c y  would r e s u l t  i n  t h e  pro-  
d u c t i o n  o f  70 m i l l i o n  g a l l o n s  o f  e t h a n o l  from t h e  23 b i l l i o n  pound 
annual  whey s u r p l u s  i n  t h e  U.S. According t o  our e s t i m a t e s  (Table  2)  
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the c o s t  would be $1.02 t o  $1 .07  p e r  g a l l o n  of e t h a n o l .  These f i g u r e s ,  
however, are based  on d r y  whey powder and do n o t  t a k e  i n t o  account  t h e  
u n f e a s i b i l i t y  o f  d i s t i l l i n g  a d i l u t e  fe rment  o f  2% a l c o h o l .  Low energy 
c o n c e n t r a t i o n  would b e  r e q u i r e d  i n  o r d e r  t o  make f e r m e n t a t i o n  o f  l i q u i d  
whey economical ly  f e a s i b l e .  

Table  2 .  Costs f o r  producing  e t h a n o l  from d r i e d  whey powder 

Whey c o s t s a  
By-product c r e d i t  

Di rec t  c o s t s  
Conversion 
Loan interest  

b 
Deprec ia t ion  
Taxes 
20% r e t u r n  

I n d i r e c t  c o s t s  
13  

8 
8 

$ 1.07 

aBased on 20 l b s  o f  d r i e d  whey @ $5.50/cwt .  

bFigures  adapted  from S c h e l l e r  (1). 

A d d i t i o n a l l y ,  a n o t h e r  p r o c e s s  i n v o l v i n g  f e r m e n t a t i o n  of  whey:grain 
mixtures  h a s  a l s o  been  developed  i n  o u r  l a b o r a t o r y .  A s  shown i n  F i g .  
1, t h e  whey permeate  r e p l a c e s  the w a t e r  r e q u i r e d  i n  t h e  p r e p a r a t i o n  of 
the g r a i n  mash. The amount of c o r n  which i s  o t h e r w i s e  r e q u i r e d  i s  re- 
duced p r o p o r t i o n a t e l y  t o  t h e  amount o f  whey s u g a r  i n  t h e  process  and 
the r e s i d u a l  whey s o l i d s  a r e  p a r t  o f  t h e  d i s t i l l e r ' s  d r i e d  g r a i n .  This  
p r o c e s s  r e q u i r e s  n o  equipment m o d i f i c a t i o n  o t h e r  t h a n  t h e  a d d i t i o n  of  a 
whey handl ing  f a c i l i t y  a t  t h e  a l c o h o l  p l a n t .  

Figure 3 shows t h e  c o u r s e  of f e r m e n t a t i o n  by E. f r a g i l i s  when mash 
w a s  p repared  w i t h  s w e e t  whey permeate  and 20% less c o r n  t h a n  normal. 
There appeared t o  b e  adequate  s u g a r  f o r  f e r m e n t a t i o n  by  t h e  E. f r a g i l i s  
a s  i n d i c a t e d  by t h e  p r o d u c t i o n  of approximate ly  12% a l c o h o l  i n  60 
h o u r s .  
water a l so  appeared  t o  have  no a d v e r s e  e f f e c t  on the f e r m e n t a t i o n .  As  
shown i n  Table  3 ,  t h e  p r o d u c t i o n  was s l i g h t l y  h i g h e r  i n  the e a r l y  
s t a g e s  when whole whey r a t h e r  t h a n  permeate  was used .  By 60 h o u r s ,  
however, t h e  sweet whey p e r m e a t e ,  sweet whey and a c i d  whey a l l  produced 
12% e t h a n o l .  

t i o n  e f f i c i e n c y  of t h e  K .  f ra  i l i s  and a mixed c u l t u r e  of  5 .  f r a  i l i s  
and 2. c e r e v i s i a e  on whzy:gra?n mixtures  w i t h  reduced  g r a i n  a h  
comparison, on s t a n d a r d  w a t e r  mashes. P r e l i m i n a r y  r e s u l t s  i n d i c a t e  
that  up t o  24% of  t h e  g r a i n  requi rement  can b e  r e p l a c e d  w i t h  t h e  whey 
w i t h  no a p p a r e n t  loss  i n  f e r m e n t a t i o n  e f f i c i e n c y .  

A f e a s i b i l i t y  s tudy  i s  c u r r e n t l y  underway t o  u t i l i z e  t h e  whey:  
g r a i n  fe rmenta t ion  p r o c e s s  f o r  a 21,000,000 g a l l o n  a l c o h o l  p l a n t  i n  
Wisconsin. Such a p l a n t  would r e q u i r e  about  7 . 5  m i l l i o n  b u s h e l s  of  
corn  and 96  m i l l i o n  g a l l o n s  o f  whey b a s e d  on a 15% r e d u c t i o n  i n  t h e  

S u b s t i t u t i o n  o f  whole sweet  whey o r  whole a c i d  whey f o r  t h e  

A t  t h e  p r e s e n t  t ime s t u d i e s  a r e  underway t o  compare t h e  fermenta- 
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Table 3 .  Ethanol p roduc t ion  by 5 .  f r a g i l i s  w i t h  va r ious  types  of whey 
i n  a 20% reduced g r a i n  system 

~~~ ~- 

% Ethanol  

12h 24h 36h 48h 60h 

Sweet whey permeatea 4 . 4  6 . 7  1 0 . 9  1 1 . 8  1 2 . 2  

7 . 4  1 0 . 7  11 .5  1 1 . 7  1 2 . 1  Sweet whey 

7 . 6  1 0 . 3  1 1 . 8  12 .2  1 2 . 0  b Acid whey 

S u b s t r a t e  

b 

aData a r e  an average  of  f o u r  s e p a r a t e  t r i a l s  w i t h  d u p l i c a t e  

bData a r e  an average  of  t h r e e  s e p a r a t e  t r i a l s  w i t h  d u p l i c a t e  
samples taken  a t  each time i n t e r v a l .  

corn  requi rement .  The s u b s t i t u t i o n  of whey would amount t o  a s av ings  
o f  more than  a m i l l i o n  bushe l s  of corn  p e r  yea r  amounting t o  a t o t a l  of 
n e a r l y  3 m i l l i o n  d o l l a r s  o r  14 c e n t s  p e r  g a l l o n  of a l c o h o l .  

samples taken  a t  each t i m e  i n t e r v a l .  
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SUMMARY 

L ignoce l l u lose  i s  an immense p o t e n t i a l  resource f o r  t h e  p roduc t i on  o f  e thanol  and 
o t h e r  fermentation chemicals and f u e l s .  The r e c a l c i t r a n t  nature,  however, o f  t h i s  
m a t e r i a l  due t o  t h e  h igh  c e l l u l o s e  c r y s t a l l i n i t y  and the  l i g n i n  b a r r i e r  has tended 
t o  make the process economics u n a t t r a c t i v e .  
vege ta t i ve  forage crops may be good 
t h e i r  low l i g n i n  content .  

I n  t h i s  research p r o j e c t ,  we have tes ted  vege ta t i ve  a l f a l f a ,  vege ta t i ve  sudan grass 
and vegetat ive,  mature and e n s i l e d  sorghum species as p o s s i b l e  feedstocks f o r  e tha-  
n o l  product ion.  
hyd ro l y  i s  of these m a t e r i a l s  and f o r  the p ro jec ted  a l c o h o l  p roduc t i on  cos ts  f o r  a 

sudan grass t o  $2.58/gal lon f o r  vege ta t i ve  a l f a l f a .  Subs t ra te  cos ts  comprised the 
major  f r a c t i o n  o f  t h e  t o t a l  cos t .  Th i s  leads t o  t h e  conc lus ion  t h a t  a v i a b l e  p ro -  
cess economics depends on op t i ons  such as t h e  f o l l o w i n g :  
crops; s t i l l a g e  p r o t e i n  c r e d i t ;  co -hyd ro l ys i s  o f  s t a r c h  i n  immature g r a i n  component 
and shar ing o f  feedstock p roduc t i on  cos t  w i t h  mature g r a i n  ha rves t .  

As an a l t e r n a t i v e  t o  woody biomass, 
subs t ra tes  f o r  e thano l  f e rmen ta t i on  due t o  

Resul ts  a re  presented here f o r  t he  y i e l d  o f  sugars v i a  c e l l u l o s e  

25 x 10 2 ga l l on /yea r  p l a n t .  These costs  ranged from $1.68/gal lon f o r  vege ta t i ve  

use o f  unconventional 

Ii4TRODUCTION 

Dimin ish ing f o s s i l  f u e l  reserves and recent  dramat ic  i nc reases  i n  crude o i l  p r i c e s  
have prompted t h e  Un i ted  S ta tes  and o the r  o i l - i m p o r t i n g  na t i ons  t o  develop renewable 
sources o f  energy. 

So la r  energy could w e l l  c o n t r i b u t e  a s i g n i f i c a n t  p o r t i o n  o f  t h e  Un i ted  States energy 
consumption w i t h i n  t h e  nex t  decade. The p o t e n t i a l  i n  develop ing s o l a r  b io technology 
i s  immense ( l ) ,  no t  o n l y  f o r  l i q u i d  f u e l s ,  b u t  a l so  f o r  t h e  range o f  petrochemical 
s u b s t i t u t e s  which can be produced fe rmen ta t i ve l y .  

Ethanol has received considerable a t t e n t i o n  because i t  can be used as a clean-burn- 
i n g  gaso l i ne  extender  and octane-number improver .  Moreover, s ince  i t  can be conver- 
t e d  t o  o t h e r  chemicals, i t  i s  l i k e l y  t o  become a key chemical feedstock f o r  a renew- 
able resources chemicals i n d u s t r y .  

I n  the  near term, s ince  fermentat ion technology based on e a s i l y  fermentable subst rates 
(such as sugar and s ta rch )  i s  es tab l i shed ,  these m a t e r i a l s  are be ing used t o  produce 
ethanol f o r  gasohol. But t h o  feedstock cos t  represents  a l a r g e  f r a c t i o n  (more than 
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50%) o f  t he  cost  of producing ethanol .  
t h e  f i n a l  p roduc t  cos t  o f  e thanol  would soar .  

An a l t e r n a t i v e  and r e l a t i v e l y  cheap s u b s t r a t e  i s  l i g n o c e l l u l o s e .  The processing 
technology, however i s  n o t  f u l l y  developed as y e t .  
conver ted because o f  t h e  c r y s t a l l i n i t y  i n  c e l l u l o s e  s t r u c t u r e  and a l s o  s ince  l i g n i n  
s h i e l d s  c e l l u l o s e  and hemi -ce l l u lose  frm a t t a c k  by enzymes. 

The o n l y  b i o l o g i c a l  process which has been operated success fu l l y  a t  g r e a t e r  than the 
bench scale i s  based on mun ic ipa l  s o l i d  waste. 
(190 p roo f )  has been produced a t  75 gal lons/day from about 1 m e t r i c  ton/day of waste. 

The development o f  a l t e r n a t i v e  p rocess ing  technology us ing  the rmoph i l i c  anaerobes, 
f o r  conve r t i ng  l i g - o c e l l u l o s e  d i r e c t l y  t o  ethanol  i s  be ing pursued (3,4 f o r  example). 
Most cos t  analyses p r e d i c t  an e thano l  p roduc t i on  c o s t  w e l l  above $1.40/gal lon (5,6). 

I n  herbaceous p l a n t  m a t e r i a l s ,  c e l l  w a l l s  a r e  composed o f  c e l l u l o s e ,  l i g n i n ,  hemi- 
c e l l u l o s e  and minor amounts o f  gums, p e c t i n s  and o the r  compounds. The major  b a r r i e r  
t o  e f f i c i e n t  h y d r o l y s i s  o f  c e l l u l o s e ,  e i t h e r  by a c i d  or w i t h  enzymes, are complexes 
o f  l i g n i n  and hemice l l u lose  wi th c e l l u l o s e .  While cova len t  bonds between these coin- 
ponents have been demonstrated (7), l i m i t a t i o n  o f  h y d r o l y s i s  i s  thought  t o  be p r i -  
m a r i l y  due t o  sheathing o f  c e l l u l o s e  m i c r o f i b r i l s  w i t h  t h e  l i g n i n  hemice l l u lose  
m a t r i x  (8). Access o f  t h e  h y d r o l y s i s  c a t a l y s t  and reac tan ts  t o  t h e  g lucosy l  l i n k -  
ages i s  re tarded u n t i l  l i g n i n  i s  removed. 
n o c e l l u l o s i c  complexes t o  hyd ro l yzab le  form, i t  would seem reasonable t o  u t i l i z e  
sources o f  c e l l u l o s e  w i t h  minimal l i g n i n  con ten t .  Dur ing t h e  growth and develop- 
ment o f  p l a n t  c e l l s ,  l i g n i f i c a t i o n  occurs a t  a s tage a f t e r  c e l l u l o s e  b iosyn thes i s  
(9) .  
1 i g n i n  c e l l  ulose. 

The p o s s i b i l i t y  o f  us ing  sorghum f i b e r  f o r  biomass and f o r  papermaking p u l p  has a l -  
ready prompted numerous agronomic and chemical s tud ies  (10,11,12). Sweet sorghum 
i s  a t t r a c t i n g  i n t e r e s t  i n  t h i s  respec t  i n  a l l  a g r i c u l t u r a l l y  p roduc t i ve  reg ions o f  
t h e  Uni ted States;  h igh  sucrose hyb r ids  s u i t a b l e  even f o r  t h e  n o r t h e r n  s t a t e s  a re  
now a v a i l a b l e .  P o t e n t i a l  f o r  u t i l i z i n g  t h e  sucrose i n v e r t  sugar, and s t a r c h  con- 
t e n t s  as subs t ra tes  f o r  e t h a n o l i c  f e rmen ta t i on  and f o r  u t i l i z i n g  t h e  f i b e r  as a 
source o f  f ue l  energy or ,  a l t e r n a t i v e l y ,  o f  s y n t h e t i c  gas i s  p romis ing  b u t  i s  ham- 
pered by the  r e l a t i v e l y  poor  s t o r a b i l i t y  o f  harvested cane (13). 

The p r a c t i c e  o f  e n s i l i n g  forage m a t e r i a l s  has i n t e r e s t i n g  p o t e n t i a l  as a means o f  
s to rage  of t h e  f i b e r  feedstock f o r  a l coho l  p roduc t i on  schemes. Dur ing e n s i l i n g  t h e  
o rgan ic  ac ids produced from s o l u b l e  sugars by t h e  LactobamZZus and Streptococcus 
b a c t e r i a  may cause h e m i c e l l u l o s e - l i g n i n  sheath ing t o  break down, As a r e s u l t  t h e  
a c c e s s i b i l i t y  o f  water  t o  c e l l u l o s e  f o r  h y d r a t i o n  and o f  enzymes f o r  h y d r o l y s i s  i s  
r e p o r t e d l y  improved (14). 

I n  t h e  present  work exper imenta l  r e s u l t s  were obta ined f o r  t he  enzymatic h y d r o l y s i s  
O f  l o w - l i g n i n  forage m a t e r i a l s  ( a l f a l f a ,  Sudan grass and seve ra l  spec ies o f  sorghum) 
and a p r e l i m i n a r y  economic assessment f o r  t h e  a l coho l  f e rmen ta t i on  o f  such hyd ro l y -  
zates was made. 

I f  g r a i n  p r i c e s  were t o  r i s e  d r a m a t i c a l l y ,  

L ignoce l l u lose  i s  n o t  r e a d i l y  

I n  the Emert process (2)  e thanol  

Because o f  t h e  h igh  c o s t  of reducing l i g -  

This f a c t  suggests t h a t  v e g e t a t i v e  p a r t s  o f  p l a n t s  may be a source o f  low 

METHODOLOGY 

The experimental bas i s  f o r  t h i s  s tudy  was conducted t o  determine whether biomass a t  
an e a r l y  vege ta t i ve  stage o f  development was more r e a d i l y  hydro lyzed by c e l l u l o l y t i c  
enzymes than a t  t h e  mature s tage o f  development, which i s  cha rac te r i zed  by extens ive 
l i g n i f i c a t i o n .  Representat ive samples o f  forage c rop  m a t e r i a l s ,  i n c l u d i n g  a l f a l f a ,  
Sudan grass and sorghum i n  v e g e t a t i v e  and mature growth were assessed by t h e  e x t e n t  
of enzymatic h y d r o l y s i s  o f  l i g n o c e l l u l o s e  t o  glucose as a f u n c t i o n  o f  c e l l u l o s e  and 
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l i g n i n  content .  Experimental m a t e r i a l s  and methods used t o  o b t a i n  q u a n t i t a t i v e  i n -  
format ion about forage composit ion and enzymatic h y d r o l y s i s  have been d e t a i l e d  e a r -  
l i e r  (15) .  

Ethanol product ion cos ts  were obta ined f o r  a process f l o w  sheet s i m i l a r  t o  the  
Na t i ck  process ( 6 ) .  A s i m p l i f i e d  diagram o f  t h e  process ing operat ions i s  shown i n  
F igure 1. The process cons is t s  o f  mechanical g r i n d i n g  o f  the biomass, c e l l u l a s e  
product ion,  enzymatic h y d r o l y s i s  o f  the l i g n o c e l l u l o s i c  m a t e r i a l s ,  f i l t r a t i o n  o f  
t he  undigested s o l i d s ,  and p roduc t i on  o f  95% ethanol  u s i n g  convent ional  yeast  f e r -  
mentat ion and d i s t i l l a t i o n  technology. Enzyme h y d r o l y s i s  i s  assumed t o  occur ove r  
a 48-hour p e r i o d  a t  an enzyme load  o f  10 IU/gram o f  s u b s t r a t e  and w i t h o u t  enzyme 
recyc le.  

While t h e  l a b o r a t o r y  h y d r o l y s i s  da ta  repo r ted  i n  t h i s  paper was obta ined a t  an en- 
zyme load o f  86.7 IU/gram o f  subst rate,  i t  was found t h a t  h y d r o l y s i s  performed a t  
an enzyme load  o f  8.7 IU/gram o f  s u b s t r a t e  over  a p e r i o d  o f  48 hours gave 95% o f  
the o r i g i n a l  values. It i s  thus f e l t  t h a t  the h y d r o l y s i s  cond i t i ons  used f o r  t h e  
p l a n t  design w i l l  be r e p r e s e n t a t i v e  o f  t h e  l a b o r a t o r y  data. 

Forage biomass c u l t u r i n g  and ha rves t i ng  costs  were charged according t o  Saterson 
-- e t  a]. (16) a t  t he  f o l l o w i n g  l e v e l s :  

A l f a l f a  - ___  $26.78/MT 
Sudan Grass --_- $1 7.75/MT 
Sorghum (any species)  ---- $22.71/MT 

where the  sudan grass c o s t  was est imated assuming an average forage y i e l d  o f  22.15 
MT/ha (16) and the same ha rves t i ng  costs  as f o r  sorghum. 

A p r e l i m i n a r y  economic e v a l u a t i o n  (f 25%) was then  performed us ing  t h e  N a t i c k  i n f o r -  
mation (6) .  Since t h e  s o l e  experimental data a v a i l a b l e  was t h e  24-hour sugar y i e l d  
f rom the  enzymatic h y d r o l y s i s  o f  t h e  forage m a t e r i a l  i t  was f e l t  t h a t  a complete 
p l a n t  design would be u n r e l i a b l e  and somewhat premature a t  t h i s  t ime. 
t i o n  was then based on t h e  assumption t h a t  t he  cos t  o f  producing 1 g a l l o n  o f  95% 
ethanol  (w i thou t  charge f o r  t h e  c e l l u l o s i c  subs t ra te )  would be a constant  and inde-  
pendent o f  t he  subs t ra te .  
sugars a re  i n  the  s o l u b l e  form, t h e  cos t  o f  producing ethanol  i s  t h e  same no m a t t e r  
what the sugar source i s .  

The evalua-  

Th is  assumption e s s e n t i a l l y  means t h a t ,  as l ong  as t h e  

The cos t  o f  e thanol  p roduc t i on  was $1.32/gal lon accord inq t o  the  i l a t i c k  r e p o r t  ( 6 ) .  
a t  1978 p r i c e s  and w i t h  no subs t ra te  cos t  inc luded.  
an01 product ion cos ts  f o r  our  ana lys i s ,  t h e  Marshal 
update the  equipment cos ts  t o  t h e  t h i r d  q u a r t e r  o f  
1978 and o f  606.4 f o r  t h e  t h i r d  q u a r t e r  o f  1979 was 
increased a t  a r a t e  o f  7%/year over  t h e  Na t i ck  data 
cu la ted  on the  same bas is  as i n  t h e  Na t i ck  ana lys i s  

I n  o rde r  t o  generate the e t h l -  
b Stevens index was used t o  

979. An index o f  545.3 f o r  
used (17). Labor cos ts  were 

The remaining i tems were c a l -  

f i x e d  investment d e p r e c i a t i o n  - l 0 l / y e a r  o f  t o t a l  
p l a n t  on-stream f a c t o r  - 330 days/year 

p l a n t  overhead - 80% o f  t o t a l  l a b o r  cos t  
taxes and insurance - E%/vear of t o t a l  f i x e d  investment 

Th is  ana lys i s  generated an ethanol  p roduc t i on  c o s t  o f  $ l . l l / g a l l o n .  
n o t  r e f l e c t  any pret reatment  charges s ince  the re  i s  no need f o r  pret reatment  s teps 
when us ing vegetat ive forage crop m a t e r i a l s .  
a subs t ra te  charge was added t o  t h i s  cos t .  
according t o  t he  f o l l o w i n g  formula: 

Subst rate charge = 
($ /qa l l on  95% EtOH) (Glucos 

Th is  cos t  does 

To o b t a i n  t h e  t o t a l  p roduc t i on  cos t  
Th is  s u b s t r a t e  charge was c a l c u l a t e d  
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The main l i m i t a t i o n  of t h i s  economic a n a l y s i s  l i e s  i n  the  f a c t  t h a t  a 10% glucose 
syrup a f t e r  h y d r o l y s i s  as assumed i n  t h e  N a t i c k  s tudy may n o t  be p o s s i b l e  f o r  a l l  
t he  forage m a t e r i a l s  i nc luded  i n  t h i s  work us ing  an enzyme load  o f  10 IU/gram o f  
subst rate.  T h i s  would make a concen t ra t i on  s tep  necessary i n  some cases; however, 
s ince  no da ta  was a v a i l a b l e  on the  maximum subs t ra te  charge poss ib le  on t h e  hydro- 
l y z e r ,  no c a l c u l a t i o n s  were made i n  t h i s  s tudy f o r  t h i s  purpose. 

RESULTS AND DISCUSSION 

(Experimental) 

L i g n i n  content  i s  r e l a t e d  d i r e c t l y  t o  p l a n t  m a t u r i t y .  The convers ion o f  t h e  c e l l u -  
l ose  component o f  forage crops t o  g lucose by enzymatic hyd ro l ys i s  i s  r e l a t e d  i n -  
ve rse l y  t o  t h e  l i g n i n  content .  Genera l ly ,  h y d r o l y s i s  o f  c e l l u l o s e  f rom young p l a n t  
t i ssues  i s  s u p e r i o r  t o  t h a t  from mature t i ssues .  I n  Tables 1 and 2 and i n  the  f o l -  
lowing paragraphs a re  presented examples o f  these f i n d i n g s  from s t u d i e s  on a l f a l f a ,  
Sudan grass, sorghum s i l a g e ,  and brown-midr ib  sorghum mutants. 

Mature a l f a l f a  t i s s u e  conta ins p r o p o r t i o n a l l y  more l i g n i n  than does younger t i ssue .  
The percent  convers ion o f  c e l l u l o s e  p r o p o r t i o n a l l y  v a r i e s  from 41 percent  f o r  t he  
most mature t i s s u e  t o  84 percent  f o r  t h e  youngest p a r t s  o f  the p l a n t .  
sugar y i e l d s  from the  most e a s i l y  hydro lyzed t o p  segment o f  t h e  p l a n t s  are however, 
less than  those from t h e  mature bot tom segment because o f  t h e  h ighe r  c e l l u l o s e  con- 
t e n t  o f  the bot tom f r a c t i o n .  

Studies on whole p l a n t  samples o f  ha l f -grown and mature sorghum supported t h e  s t a t -  
ed r e l a t i o n s h i p s  between m a t u r i t y ,  l i g n i n  con ten t  and c e l l u l o s e  h y d r o l y s i s .  As 
an example, mature sorghum w i t h  6.5 pe rcen t  l i g n i n  gave 31 percent  o f  t h e o r e t i c a l  
conversion o f  c e l l u l o s e  w h i l e  v e g e t a t i v e  m a t e r i a l  w i t h  3.1 percent  l i g n i n  gave 47 
percent  conversion. 
ab le fermentable sugars which a re  e x t r a c t a b l e  from leaves and s t a l k s .  
ences were compensating and r e s u l t e d  i n  s i m i l a r  glucose y i e l d s  a f t e r  c e l l u l o l y t i c  
h y d r o l y s i s  o f  mature and o f  vege ta t i ve  sorghums. 

E n s i l i n g  would p rov ide  a means o f  s to rage  o f  vege ta t i ve  feedstock and a b i o l o g i c a l  
process t o  improve t h e  convers ion o f  c o n s t i t u e n t  c e l l u l o s e .  The h y d r o l y s i s  o f  t he  
s i l a g e  o f  t h e  same sorghum v a r i e t y  descr ibed above r e s u l t e d  i n  71 percent  t heo re t -  
i c a l  c e l l u l o s e  conversion as compared t o  t h a t  f rom t h e  mature sorghum equal t o  31 
percent .  
m a t e r i a l ,  changes i n  t h e  f i b e r  s t r u c t u r e  r e s u l t i n g  f rom e n s i l i n g  apparen t l y  improve 
a c c e s s i b i l i t y  o f  enzymes t o  t h e  f i b e r s .  Hyd ro l ys i s  o f  t he  c e l l u l o s e  i n  s i l a g e  may 
be enhanced b y  t h e  a c t i o n  o f  o rgan ic  a c i d s  (pH 4) on t h e  l i g n o c e l l u l o s i c  s t r u c t u r e s  
over  t ime.  Dur ing enzymatic h y d r o l y s i s ,  t he  l o s s  o f  t he  glucose p roduc t  t o  the  
acid-forming LactobaciZZus and Streptococcus b a c t e r i a  was prevented by a d d i t i o n  o f  
0.01% (w/v) o f  a g r i c u l t u r a l  grade t e t r a c y c l i n e  hyd roch lo r i de .  This l e v e l  o f  a n t i -  
b i o t i c  d i d  n o t  i n h i b i t  t he  f e t m e n t a t i o n  o f  t h e  hydro lyzed sugars by Saccharomyces 
cerev is iae .  

U n l i k e  sorchum, Sudan grass i n  v e g e t a t i v e  growth conta ined considerable amounts o f  
sugars which were e x t r a c t a b l e  from leaves and s t a l k s .  
added t o  the e x t r a c t a b l e  6.4 percent  g lucose and y i e l d e d  a t o t a l  o f  20.4 percent  
fermentable sugar  on a d r y  we igh t  bas i s .  Th i s  m a t e r i a l  conta ined 3.1 percent  l i g -  
nin, and the c e l l u l o s e  was conver ted t o  56 percent  o f  t h e o r e t i c a l  

Conversions of  c e l l u l o s e  averaging 75 percent  o f  t h e o r e t i c a l  were obta ined from 
brown m i d - r i b  sorghum mutant l i n e s .  The average l i g n i n  content  o f  these m a t e r i a l s  
was 2.6 percent. 
t e n t  61 percent  lower than i s o g e n i c  l i n e s  (19) .  
con ta ined  7.4 percent  e x t r a c t a b l e  g lucose and upon h y d r o l y s i s  y i e l d e d  a t o t a l  o f  

Fermentable 

Mature sorghum, b u t  n o t  vege ta t i ve  sorghum, con ta ins  consider-  
The d i f f e r -  

Since the  l i g n i n  content  o f  t h e  s i l a g e  was equal t o  t h a t  o f  t h e  mature 

C e l l u l o l y t i c  h y d r o l y s i s  

The l i t e r a t u r e  desc r ibed  mature bmr-mutants as hav ing  l i g n i n  con- 
These mutants i n  vege ta t i ve  growth 
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23.7 percent  glucose on a d r y  weight  bas i s .  

(Economics) 

The r e s u l t s  obta ined by a d e t a i l e d  ana lys i s  o f  t he  b ioconvers ion process of t he  
va r ious  forage m a t e r i a l s  a re  shown i n  Tables 3 through 8. 
shows t h a t  t he  t o t a l  f i x e d  investment f o r  a 25 x 106 g a l l o n s l y e a r  e thano l  p l a n t  
i s  est imated a t  about 57 m i l l i o n  d o l l a r s ,  o r  about $2 /ga l l on  o f  i n s t a l l e d  c a p a c i t y  
which i s  considered a reasonable f i g u r e  by most o f  t h e  researchers work ing i n  t h i s  
area. 
t o  about 71 m i l l i o n  d o l l a r s .  

Table 4 presents a breakdown o f  the ethanol  p roduc t i on  cos ts  from t h e  forage crops,  
w i t h o u t  a subs t ra te  charge. 
s ince  these m a t e r i a l s  do n o t  r e q u i r e  such pret reatment .  
processing costs  a re  est imated a t  $ l . l l / g a l l o n ,  we l l  below the $1.30-$1:75/gallon 
range repo r ted  by o t h e r  researchers (5,6). Enzyme p roduc t i on  i s  t h e  major f a c t o r  
i n  the  ethanol  cos t  (53% o f  t he  t o t a l ) ,  f o l l owed  by fe rmen ta t i on  and d i s t i l l a t i o n  
(30%) and h y d r o l y s i s  (171) .  Th is  f i n d i n g  s t resses once more t h e  need f o r  s t rong  
research e f f o r t s  i n  t h e  area o f  c e l l u l a s e  product ion.  

Estimates f o r  t he  e thano l  y i e l d  from the  forage crops i nc luded  i n  t h i s  s tudy a r e  
shown i n  Table 5. These est imates are based on a 45% ethanol  y i e l d  from glucose 
du r ing  anaerobic fermentat ion.  As expected, sudan grass and t h e  brown m i d r i b  mu- 
t a n t s  o f  sorghum show the  h ighes t  p o t e n t i a l  w i t h  r e s p e c t i v e l y  276 and 250 g a l l o n s  
of  EtOH/acre-year. The e n s i l e d  sorghum m a t e r i a l s  show t h e  second b e s t  p o s s i b i l i t y  
w i t h  an ethonol y i e l d  c lose  t o  220 gal lons/acre-year .  
ghum and vege ta t i ve  a l f a l f a  rank a t  t h e  bottom w i t h  r e s p e c t i v e l y  109 and 97 ga l /  
a cre-yea r . 
The est imated t o t a l  p roduc t i on  costs  a re  shown i n  Table 6. These costs  show t h a t  
vege ta t i ve  sudan grass and brown m i d r i b  mutants o f  sorghum a re  t h e  most promis ing 
subst rates w i t h  t h e  e n s i l e d  sorghum crops be ing the  second best .  T o t a l  e thanol  
product ion costs  a re  now a t  l e a s t  $ l .G8/gal lon,  w i t h  a l f a l f a  and F r o n t i e r  214 
sorghum reaching $2.58/gal lon o f  95% EtOH. 

A breakdown o f  the t o t a l  p roduc t i on  costs  presented i n  Table 6 can be seen i n  Table 
7. I t  can be observed t h a t  subs t ra te  costs  rep resen t  t h e  major f r a c t i o n  o f  t h e  t o -  
t a l  cost ,  ranging f rom a minimum o f  34% t o  a maximum o f  57%. Enzyme costs  rank 
second, ranging from 23 t o  352, f o l l owed  by fe rmen ta t i on  and d i s t i l l a t i o n  cos ts  
which vary from 13 t o  20% o f  t h e  t o t a l .  Hyd ro l ys i s  cos ts  represent  the  minor f r a c -  
t i o n ,  va ry ing  from 7 t o  11% o f  t he  t o t a l  p roduc t i on  cos ts .  

Table 8 shows the  est imated t o t a l  ethanol p roduc t i on  cos ts  f o r  a fe rmen ta t i on  y i e l d  
o f  50% (weight  o f  e thanol /weight  o f  glucose). 
duc t i on  costs  r e l a t i v e  t o  those i n  Table 6 i s  observed, r e f l e c t i n g  t h e  sma l le r  quan- 
t i t y  o f  forage raw m a t e r i a l s  requ i red  f o r  t he  same e thano l  p roduc t i on  r a t e .  The de- 
crease averages about lO&/ga l l on  and r e f l e c t s  t h e  h i g h  c o s t  o f  t h e  raw m a t e r i a l s  and 
t h e  need f o r  an e f f i c i e n t  subs t ra te  conversion a t  a l l  stages o f  the process. 

Observat ion o f  Table 3 

S ta r t -up  and work ing c a p i t a l  est imates b r i n g  t h e  t o t a l  c a p i t a l  investment  

:.lo pret reatment  cos ts  were i nc luded  i n  t h i s  t a b l e  
As a consequence, the  

Vege ta t i ve  F r o n t i e r  214 sor-  

As expected, a decrease i n  the  p ro -  

COdCLUSIONS 

The p roduc t i on  o f  e thanol  by fermentat ion of t he  glucose obta ined v i a  enzymatic 
h y d r o l y s i s  o f  the vege ta t i ve  forage crops considered i n  t h i s  s tudy r e q u i r e s  f u r t h e r  
research and development before economic f e a s i b i l i t y  can be a t t a i n e d .  The t o t a l  
product ion costs ranged from $ l .G8/gal lon f o r  vege ta t i ve  sudan grass t o  $2.58/ga1. 
f o r  vege ta t i ve  a l f a l f a .  These h i g h  costs  are n o t  t o t a l l y  unexpected s ince  the  f o r -  
age crops considered here have a h igh  cash value. 
obta ined i n  t h i s  s tudy do no t  account f o r  t he  use o f  reducing sugars o t h e r  than 

I t  should be noted t h a t  t h e  costs  
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glucose and do n o t  include any byproducts c red i t ;  i f  proper account of these c red i t s  
were observed, the costs reported i n  t h i s  study could be lowered by as much as 54t/ 
gallon. Since no pretreatment i s  required f o r  the vegetative forage mater ia l s ,  pro- 
cessing costs are about 30% lower than other published processing costs ( 6 ) .  
represents a considerable advantage o f  vegetative forage crops over other 1 ignocel- 
l u los i c  materials.  

Substrate costs consti tuted,  in most instances,  the major f rac t ion  of the  to ta l  pro- 
duction cos ts ,  varying from 34% t o  57%. I n  view of t h i s ,  an e f f i ce in t  subs t ra te  
conversion must be obtained a t  a l l  s tages  of the process. Enzyme production costs 
were also very important, ranging from 23 to  35% of the to ta l  cos t ;  t h i s  indicates 
the need f o r  continued research on ce l lu l a se  production technology. 

The to t a l  cap i ta l  investment f o r  a 25 million gallonslyear ethanol plant was found 
to be about 71 million do l l a r s .  This represents a fixed capital  investment of about 
$2/gallon Et0l-l capacity. 

I n  order t o  reduce subs t ra te  cos ts ,  one might e i t h e r  look f o r  less  expensive means 
of culturing and harvesting the  crops or t o  coupling to  other operations whereby the 
l ignocellulosics obtain a discounted value. Examples could be coupling a l f a l f a  
hydrolysis t o  a soluble protein ex t rac t ion  operation o r  harvesting sorghum grain and 
s t a lks  simultaneously b u t  separately.  
whose culture i s  indigenous t o  a growing area.  Such unconventional plants may have 
the same processing cos t s ,  y e t  may be obtained for  zero t o  ten cents/gallon of eth- 
anol product. 

These studies were de f in i t i ve  i n  showing how hydrolysis and endogenous sugar levels 
influence the y i e ld  of fermentable sugar.  This y ie ld  i s  a l so  proportional t o  the 
biomass y ie ld .  Saterson e t  a l .  (16) i n  work supported under a D.O.E. contract t o  
A . D .  L i t t l e  Corporation and Jackson (20) a t  Ba t te l le  Columbus Laboratories screened 
herbaceous plants f o r  potential  biomass production in ten regions of the contiguous 
United S ta tes .  
Some were unconventional as food and forage crops, but were good candidates in terms 
of t h e i r  projected biomass production poten t ia l .  Crops appropriate for  the Great 
Plains included 14 species of grasses and legumes a n d  9 species of unconventional 
crops and/or weeds. The comparative analysis of Heichel of cu l tura l  energy require- 
ments placed such crops h i g h  with respect t o  to ta l  energy y ie ld  (21 ) .  Sweet sorghum 
rated highest in tha t  study, but i n  terms of practical  ener y recovery, cane storage, 
and ju ice  expression present major d i f f i c u l t i e s  a t  present q 2 2 ) .  

Future crops f o r  alcohol fermentation may include other t rad i t iona l  food crops, cer -  
t a i n  weeds, syrup sorghum, Jerusalem artichoke, and the forage grasses. 
a r e  adapted t o  a wider range of growing conditions t h a n  other crops and a re  the more 
productive under adverse conditions. 
t e r i a l  they a re  more l i ke ly  t o  produce s igni f icant  y ie lds  of biomass than othercrops.  
They possess the more e f f i c i e n t  photosynthesis rou te ,  permit multiple cu t t ings  which 
maintain the plant a t  a h i g h  r a t e  of photosynthesis for a large pa r t  of the growing 
season, have low water requirements, and t h e i r  culture requires l e s s  energy than 
other crops. The use of such crops a s  raw materials may bring the cost  of fermenta- 
t ion ethanol down t o  the economically viable range. 

T h e  high cos t  of feedstock i s  a major ba r r i e r  to  the conversionof biomass t o  alcohol 
fue ls  (4). In order t o  reduce subs t ra te  cos ts ,  one m u s t  optimize the efficiency of 
e i t h e r  production o r  conversion. 
creased, when means of culturing and harvesting a re  the most energy e f f i c i en t  i n  
terms of cu l t iva t ion ,  i r r iga t ion  and f e r t i l i z a t i o n ,  and when the harvesting costs 
can be discounted, as with the simultaneous collection of grain and straw. Conver- 
sion costs are  re la t ive ly  reduced when the biomass requires no pretreatment in order 
to  obtain high percentage of ce l lu lose  hydrolysis,  when a s ign i f icant  proportion of 

This 

Alternatively,  one may obtain other substrates 

Many were plants whose cu l ture  was indigenous t o  a growing  area.  

The l a t t e r  

Since they a re  grown primarily f o r  plant ma- 

Production costs a r e  reduced when y ie lds  a re  in- 
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the  p l a n t  d ry  ma t te r  i s  s o l u b l e  fermentable sugar, and when the  fe rmenta t ion  system 
can u t i l i z e  bo th  c e l l u l o s e  and hemice l lu lose  h y d r o l y s i s  p roduc ts .  

For these reasons, i t  i s  impor tan t  t o  study s imu l taneous ly  t h e  agronomic and b i o -  
chemical aspects o f  a p o t e n t i a l  b i o l o g i c a l  conversion feedstock as a p roduc t ion-  
conversion system ( 1 ) .  An advantage gained by the  p r o d u c t i o n  o f  g r e a t  q u a n t i t i e s  
per  u n i t  area o f  biomass i s  o f f s e t  i f  t h e  c e l l u l o s e  i s  r e s i s t a n t  t o  h y d r o l y s i s .  
On the o t h e r  hand, m a t e r i a l s  conta in ing  r e l a t i v e l y  l i t t l e  l i g n i n  can be hydrolyzed 
very e f f i c i e n t l y  and would be very a t t r a c t i v e  as feedstock if biomass y i e l d s  were 
reasonable. The balance between t h e  p o t e n t i a l  f o r  p roduc t ion  and conversion must 
be known i n  a c o n t r o l l e d  comparative exper imental  s e t t i n g .  
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Figure 1. Sinipllfied process f l o w  diagram for ethanol production from 
vegetative forage crops. 
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PILOT SCALE CONVERSION OF CELLULOSE TO ETHANOL 
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Un ivers i ty  o f  Arkansas 

415 Admin is t ra t ion Bu i ld ing  
Faye t tev i l l e ,  Arkansas 

INTRODUCTION 

I n t e r e s t  i n  c e l l u l o s e  as a renewable source o f  a lcohol  f u e l s  and o t h e r  
chemicals has increased as the p r i c e  o f  petroleum products continues t o  r i s e .  
Extensive research has been conducted i n  the area o f  ce l lu lose  u t i l i z a t i o n  
for  a number o f  years (1, 2, 3, 4, 5). However, w i t h  the  exception o f  The 
U. S. Army Nat ick  Research Command which has operated a p r e p i l o t  program f o r  
the enzymatic conversion o f  ce l lu lose  t o  glucose since 1976 (6, 7 ) ,  these 
invest igat ions have been confined t o  the laboratory .  

ce l lu lose  t o  ethanol was recognized by t h i s  laboratory  i n  1974. 
of combining the mater ia l  handling o f  bu lky s l u r r i e s  such as a i r  c l a s s i f i e d  
municipal s o l i d  waste (MSW) and pulp m i l l  waste (PMW) w i t h  the asept ic  opera- 
t i o n  o f  an enzyme product ion f a c i l i t y  posed a unique s e t  o f  problems which 
could no t  adequately be addressed on a laboratory  scale. I n  order  t o  address 
these problems, i t  was bel ieved t h a t  t he  design o f  a p i l o t  p l a n t  should i n -  
clude the  f l e x i b i l i t y  o f  handling feedstocks o f  wide ly  vary ing composit ion 
and moisture content. 
and t e s t i n g  o f  equipment f o r  t he  preparat ion and t r a n s f e r  o f  s l u r r i e s ,  s t e r i l i -  
zat ion, and l i q u i d / s o l i d  separation. 

t o  ethanol process requi res t h a t  the use o f  h i g h l y  specia l ized exo t i c  equipment 
be kept t o  a minimum. As a r e s u l t  o f  t h i s ,  low cos t  chemical reactors  would 
be evaluated as fermentation vessels. The vessels f i r s t  tested as " o f f  the 
s h e l f  items" could then be modif ied as necessary t o  accommodate the i nd i v idua l  
requirements o f  each s e t  o f  fermentation condi t ions.  I n  t h i s  way parameters 
such as ag i ta t ion ,  aerat ion,  temperature and pH cont ro l ,  and s t e r i l i t y  could be 
evaluated and adjusted as needed. 
o f  ce l lu lose  t o  ethanol was scaled-up approximately 100 f o l d  from 1OL laboratory  
fermenters t o  lOOOL vessels i n  a p i l o t  f a c i l i t y  capable o f  processing 1 ton per  
day o f  c e l l u l o s i c  feedstock. 

The importance o f  p i l o t i n g  a complete process f o r  the conversion o f  
The complexity 

Operation o f  a p i l o t  p l a n t  would a l low the  i d e n t i f i c a t i o n  

The economic f e a s i b i l i t y  o f  a c a p i t a l  in tens ive  process such as the ce l lu lose  

Using these c r i t e r i a  the biochemical conversion 

METHODS AND MATERIALS 

Three s t r a i n s  o f  yeast  were used dur ing the p i l o t  inves t iga t ions  o f  simultaneous 
sacchar i f icat ion fermentation (SSF) .  (8, 9). These were Saccharomyces cereuisiae 
ATCC 4132, obtained from the American Type Cul ture Co l lec t ion ,  Rockv i l le ,  Maryland; 
candida brassicae IF0 1664, obtained from the I n s t i t u t e  f o r  Fermentation, Osaka, 
Japan (2) ;  and a s t r a i n  o f  Saccharomyces obtained from Budweiser, Jopl in ,  Missouri.  
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Stock c u l t u r e s  were s t o r e d  on O i f c o  YM agar  s l a n t s  a t  4OC. 
each yeast  were prepared b y  t h e  a d d i t i o n  o f  a p o r t i o n  o f  a s t o c k  c u l t u r e  i n t o  
a shake f l a s k  c o n t a i n i n g  a medium shown i n  Table 1.' Shake f l a s k s  were incu-  
l a t e d  a t  28oC f o r  18 hours.  The shake f l a s k  c u l t u r e  was used t o  i n o c u l a t e  a 
130L fermenter  made by Fermentat ion Design, I nc . ,  c o n t a i n i n  

a g i t a t i o n  speed o f  120 RPM. 
l i z e d  15 g a l l o n  aluminum b a r r e l s  p r i o r  t o  use i n  SSF. 
used immediately t h e  b a r r e l s  were s to red  i n  a c o l d  room a t  4OC f o r  no l onger  
than  48 hours. 

This  organism 
was grown on p o t a t o  dex t rose  agar a t  29OC u n t i l  s p o r u l a t i o n  occurred.  
p l a t e s  were s t o r e d  a t  4oC u n t i l  use. 2'. reese i  seed c u l t u r e s  were prepared b y  
i n o c u l a t i n g  shake f l a s k s  w i t h  a p o r t i o n  o f  a spore p l a t e .  
used i n  the shake f l a s k s  i s  shown i n  Table 111. The 1 l i t e r  shake f l a s k s  were 
scaled-up t o  100 l i t e r  f e rmen te rs .  Phys ica l  parameters c o n t r o l l e d  i n  t h e  f e r -  
menters were a e r a t i o n  a t  0.5 v/v/m and a g i t a t i o n  speed a t  300 RPM (1OOL fermenter). 
The seed c u l t u r e s  were incubated f o r  24 hours and then harvested a s e p t i c a l l y  
i n t o  15 g a l l o n  aluminum b a r r e l s  t o  be t ranspor ted  t o  t h e  p i l o t  f a c i l i t y  where 
i t  was used as inoculum f o r  enzyme p roduc t i on .  

Seed c u l t u r e s  o f  

lOOL of t h e  medium 
i n  Table 11. Th is  c u l t u r e  was incubated f o r  18 hours a t  30 ? C, pH 5.0, w i t h  an  

The yeas t  seed c u l t u r e  was harvested i n t o  s t e r i -  
I f  the  y e a s t  was no t  

The mold Trichoderma reese i  QM 9414 was ob ta ined  f rom ATCC. 
The spore 

The c u l t u r e  medium 

A 10% v/v  inoculum was used f o r  i n i t i a t i o n  o f  c e l l u l a s e  i n d u c t i o n  stage i n  
b o t h  batch and cont inuous phases o f  enzyme p roduc t i on .  The medium used i n  
enzyme product ion i s  desc r ibed  i n  Table I V .  Av i ce l  PH 105, comparable t o  MSW 
i n  inducing c e l l u l a s e  enzymes, was chosen as a model s u b s t r a t e  because o f  i t s  
ease o f  handl ing and u n i f o r m i t y .  
Viscose Co., D i v i s i o n  o f  FMC, Marcus Hook, Pennsylvania. 
o f  t h e  c u l t u r e  depended on the  mode o f  enzyme p roduc t i on  being used. 
p roduc t i on  l a s t e d  96 t o  120 hours whereas cont inuous enzyme p r o d u c t i o n  had a 
res idence  t ime  o f  50 hours (D=.02). Batch SSFs were r u n  f o r  24 hours un less 
experimental des ign d i c t a t e d  otherwise.  Semi-continuous SSFs were r u n  f o r  96 t o  
120 hours w i t h  t h e  res idence  t ime va ry ing  from 24 hours t o  48 hours. 
major  types o f  feedstocks were used, 1 )  p u r i f i e d  c e l l u l o s e  (Solka f l o c . ) ,  2 )  PMW 
( d i g e s t e r  r e j e c t s ,  p r imary  sludges, and d i g e s t e r  f i n e s ) ,  3) MSW. 
feedstocks rece ived  any t y p e  o f  pret reatment  be fo re  use i n  t h e  SSFs. However, 
MSW was a t  t imes p a s t e u r i z e d  depending on exper imenta l  c o n d i t i o n s .  The MSW used 
i n  t h e  SSFs had been shredded so t h a t  i t  would pass a 4" screen and then a i r  
c l a s s i f i e d  p r i o r  t o  a r r i v a l  a t  t h e  p i l o t  p l a n t .  

conducted as desc r ibed  by Blotkamp, e t  a1 ( 9 ) .  Glucose measurements were made 
w i t h  t h e  use o f  a Yellow Spr ings Inst rument  Company Model 23A glucose analyzer .  
T o t a l  reducing sugars were measured by t h e  d i n i t r o s a l i c y l i c  a c i d  method (10) .  
Ethanol was analyzed u s i n g  a Perkin-Elmer Model 3920 B gas chromatograph o r  
a Hewlett-Packard Model 5730 A gas chromatograph equipped w i t h  f lame i o n i z a t i o n  

Av ice l  PH 105 was obta ined f rom American 
The l e n g t h  o f  i ncuba t ion  

Batch enzyme 

Three 

None of t he  

Assays f o r  measurement o f  enzyme a c t i v i t y  and p r o t e i n  concen t ra t i on  were 

Chemicals used i n  media formulat ions were mos t l y  t e c h n i c a l  o r  reagent  grade, 
however i n  t h e  past  y e a r  many o f  t h e  compounds used were e i t h e r  f e r t i l i z e r  o r  
food grade. 
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de tec to rs ,  an e l e c t r o n i c  i n t e  r a t o r ,  and a 6 ft. column o f  Porapak Q. Isothermal  
a n a l y s i s  was performed a t  150 % C. 

Yeast populat ions were moni tored by us ing  d i l u t i o n  p l a t i n g .  C e l l u l o s e  
concen t ra t i on  o f  samples used i n  SSF was determined by us ing  a m o d i f i e d  
ve rs ion  o f  t he  Van Soest procedures (11, 12 ) .  
performed on an Ohaus mo is tu re  balance. 

Mo is tu re  de te rm ina t ions  were 

EQUIPMENT 

The vessels  used f o r  enzyme p roduc t i on  and SSF were 330 ga l  (1250 l i t e r )  
capac i t y  manufactured by P faud le r  (L/D=.78). 
capable o f  a s e p t i c  ope ra t i on .  
w i t h  carbon s t e e l  j a c k e t s .  
temperature c o n t r o l  and s t e r i l i z a t i o n .  

where p i p i n g  entered t h e  vessel .  Flanged f i t t i n g s  w i t h  t e f l o n  gaskets were 
used a t  these p o i n t s .  
t h e  l i q u i d s  and s l u r r i e s  were moved w i t h  pressure ( s t e r i l e  a i r  o r  steam) o r  
g r a v i t y .  The a g i t a t o r  s h a f t s  were equipped w i t h  double mechanical sea ls  f i l l e d  
w i t h  o i l .  Enzyme p roduc t i on  vessels  used two f l a t  b lade i m p e l l e r s ,  each hav ing 
four  blades (Di /Dt=.456) .  A g i t a t i o n  speed was 120 RPM, a e r a t i o n  was 0.5 V / V / m  
a t  which t h e  kLa was 84 h r - ' ' v s  330 h r - I  on a l a b  s c a l e  ( w i t h  w a t e r ) .  

The ba f f l e  t r a y  s t r i p p i n g  column was cons t ruc ted  f rom 9 "  ( I . D . )  g lass p i p e  
w i t h  t r a y s  made o f  monel t o  r e s i s t  c o r r o s i o n .  Associated process l i n e s  on t h e  
s t r i p p e r  were s t a i n l e s s  s t e e l .  Pumps were used on t h e  beer feed l i n e s  on t h e  
s t r i p p i n g  column and r e c i r c u l a t i o n  loops t o  m a i n t a i n  s o l i d s  i n  suspension. 

A b r i e f  process f l o w  diagram i s  presented i n  F i g .  1. A f t e r  t h e  enzyme 
p roduc t i on  vessels were f i l l e d  w i t h  n u t r i e n t s  and s t e r i l i z e d ,  t he  seed inoculum 
was t r a n s f e r r e d  a s e p t i c a l l y  f rom the  aluminum b a r r e l s  t o  t h e  vessels  us ing  
n i t r o g e n  t o  p r e s s u r i z e  t h e  b a r r e l s .  From t h i s  p o i n t  t h e  enzyme p r o d u c t i o n  could 
be r u n  i n  e i t h e r  a ba tch  o r  cont inuous mode. 
vested a p o r t i o n  o f  t h e  whole c u l t u r e  enzyme b r o t h  was t r a n s f e r r e d  t o  t h e  SSF 
vessel i n t o  which the c e l l u l o s i c  feedstock (PMW o r  MSW) would be added, a long 
w i t h  the  yeas t .  
i n  which one h a l f  o f  m a t e r i a l  was t r a n s f e r r e d  o u t  eve ry  one h a l f  res idence  t ime. 
As t h e  SSF was harvested t h e  r e s u l t i n g  beer s l u r r y  was moved t o  t h e  beer s torage 
tank  where i t  cou ld  be pumped i n t o  t h e  s t r i p p e r  column f o r  e thanol  recovery.  

Four o f  t he  f i v e  vessels  were 
The vessels  were cons t ruc ted  o f  s t a i n l e s s  s t e e l  

The vessels were f u l l y  j acke ted  f o r  adequate 

A l l  process p i p i n g  was s t a i n l e s s  s t e e l  w i t h  welded connect ions except 

No pumps were used as a p recau t ion  a g a i n s t  contaminat ion,  

When enzyme was ready t o  be ha r -  

The SSF cou ld  be r u n  i n  e i t h e r  batch o r  semi-continuous modes 

RESULTS 

Enzyme Product ion 

Performance of batch enzyme product ions can be t y p i f i e d  b y  t h e  da ta  p re -  
sented i n  F igures 2 and 3. 
a r e  present  i n  t h e  c u l t u r e  b r o t h .  
ob ta ined  i n  l a b o r a t o r y  s t u d i e s .  

demonstrate f e a s i b i l i t y  on a l a r g e  sca le .  

R e l a t i v e l y  h i g h  l e v e l s  o f  p r o t e i n  and ~-gZucosidase 
These r e s u l t s  compare f a v o r a b l y  w i t h  those 

The p i l o t  p l a n t  was m o d i f i e d  t o  produce enzyme con t inuous ly  i n  o r d e r  t o  
The economical advantages o f  a 

299 



cont inuous process l i e  i n  reduced c a p i t a l  investment  due t o  increased e f f i c i e n c y  
o f  vessel  use. Resu l t s  f rom cont inuous enzyme p roduc t i ons  a r e  shown i n  F igs .  4 
and 5. From these graphs can  be seen t h a t  t he  B-gZucosidase i s  somewhat lower  
b u t  t h e  p r o t e i n  and FPRS remain a lmost  as h i g h  as i n  ba tch  c u l t u r e .  Use o f  t h e  
enzyme from batch as w e l l  as cont inuous enzyme p roduc t i on  i n  smal l  s c a l e  f l a s k  
s a c c h a r i f i c a t i o n  and SSFs i n d i c a t e  o n l y  small  d i f f e r e n c e s  between t h e  two 
enzyme p repara t i ons  under t h e  same c o n d i t i o n s .  

SIMULTANEOUS SACCHARIFICATION FERMENTATION 

Batch SSFs were per formed us ing  a v a r i e t y  o f  subs t ra tes .  
f o r  Solka f l o c .  and p u l p  m i l l  wastes a r e  i l l u s t r a t e d  i n  F i g .  6 and F ig .  7 
r e s p e c t i v e l y .  
t o  e thanol  was achieved. Batch SSFs were r u n  w i t h  c e l l u l o s e  concen t ra t i ons  
rang ing  from 5 t o  15%. 

Semi-continuous SSFs u t i l i z e d  p u l p  m i l l  wastes and mun ic ipa l  s o l i d  waste 
as p r i m a r y  feedstocks. 
and PMW showed the  same t r e n d  (F ig .  9 )  concern ing ethanol  y i e l d ,  base u t i l i -  
z a t i o n  f o r  pH c o n t r o l ,  and b a c t e r i a l  contaminant p o p u l a t i o n .  The presence of  
contaminants and increased base usage i n d i c a t e s  t h e  p r o d u c t i o n  o f  o t h e r  a c i d i c  
products .  Lab sca le  cont inuous SSF o p e r a t i o n  has proved t o  be s i g n i f i c a n t l y  
b e t t e r  than batch SSF per  u n i t  t ime.  

Typ ica l  r e s u l t s  

I n  b o t h  cases over  50% o f  t h e  t h e o r e t i c a l  y i e l d  from c e l l u l o s e  

Ethanol  p r o d u c t i o n  can be seen i n  F i g .  8.  Both MSW 

STRIPPING OPERATIONS 

A f t e r  t he  SSFs were completed t h e  r e s u l t a n t  beer s l u r r y  was pressured 
t o  t h e  beer  s torage tank ( F i g .  1 ) .  
pumped t o  the  top  o f  t h e  b a f f l e  t r a y  column ( 1 3 )  w h i l e  steam was i n j e c t e d  
i n t o  t h e  bottom o f  t h e  column. 
t h e  h o t  vapor from below con tac ted  t h e  descending l i q u i d  and effected t h e  
s t r i p p i n g  o f  t h e  ethanol  f r o m  the  beer  feed .  
handle beer  s l u r r i e s  w i t h  s o l i d s  con ten t  as h i g h  as 10% and d e l i v e r  a p roduc t  
s t ream o f  approx imate ly  25% w/v e thano l  from a feed c o n t a i n i n g  2.0 t o  3.5% 
e thano l .  The s t i l l  bottoms ethanol  c o n c e n t r a t i o n  remained as low as 0.04%. 
I n  a l a rge -sca le  p l a n t  t h e  p roduc t  from t h e  s l u r r y  s t r i p p e r  w i l l  be r e c t i f i e d  
f u r t h e r  t o  y i e l d  95-100% i n d u s t r i a l  o r  motor  grade ethanol  as necessary. 

From t h e  beer  s to rage  tank  t h e  s l u r r y  was 

As t h e  beer  s l u r r y  cascaded down t h e  column 

The column was designed t o  

D I S C U S S I O N  AND CONCLUSION 

Many p ieces o f  equipment used f o r  m a t e r i a l s  hand l i ng  were tes ted  i n  t h e  
An example i s  a 750 g a l l o n  p u l p e r  which worked w i t h  some wood 

A r o t a r y  vacuum f i l t e r  was used f o r  dewater ing some s l u r r i e s  

p i l o t  p l a n t .  
p roduc ts  b u t  n o t  ve ry  w e l l  w i t h  MSW because o f  t h e  p l a s t i c s  and metal cans i n  
t h e  m a t e r i a l .  
b u t  f o r  t h e  m a j o r i t y  o f  f eeds tocks  i t  was n o t  acceptable.  
t he  feedstocks used a t  t h e  p i l o t  p l a n t ,  as o u t l i n e d  i n  t h i s  paper, rece ived  no 
p re t rea tmen t  and were used i n  the  process j u s t  as they  were rece ived .  

The opera t i on  o f  t h e  p i l o t  p l a n t  i n  b o t h  a ba tch  and cont inuous mode us ing  
p o t e n t i a l  i n d u s t r i a l  feedstocks demonstrated t h e  enzymatic c e l l u l o s e  t o  ethanol  
technology on a s u b s t a n t i a l l y  l a r g e r  sca le  than had p r e v i o u s l y  been repo r ted .  
The s i z e  of t h e  p l a n t  enabled the  use o f  b u l k y  m a t e r i a l s ,  such as MSW, which 
was d i f f i c u l t  on a l a b o r a t o r y  sca le .  The r e s u l t s  f rom t h e  p i l o t  p l a n t  enzyme 

For these reasons 
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p roduc t i on  compared very favo rab ly  w i t h  t h e  l a b o r a t o r y  r e s u l t s ,  however i n  t h e  
case of t h e  SSFs t h e  da ta  from t h e  p i l o t  p l a n t  and t h e  l a b o r a t o r y  a r e  only com- 
pa rab le  f o r  approx imate ly  t h e  f i r s t  24 hours a f t e r  which t h e  p i l o t  p l a n t  r e s u l t s  
lagged behind. For  example, on batch SSFs t h a t  r a n  l o n g e r  than 24 hours a t  the 
p i l o t  p l a n t  t h e  pe rcen t  convers ion t o  ethanol  d i d  n o t  con t inue  t o  r i s e  as i n  
t h e  l a b o r a t o r y .  
90% O f  t h e o r e t i c a l  convers ion t o  ethanol  was achieved i n  48 hours compared t o  
55 t o  60% convers ion a t  t h e  p i l o t  p l a n t .  
r e s u l t s  can be expla ined i n  p a r t  by t h e  l a c k  o f  adequate environmental c o n t r o l s  
such as temperature and pH due t o  poor hea t  and mass t r a n s f e r  i n  the  h i g h  s o l i d s  
s l u r r y  o f  t h e  SSFs. Contamination was a l s o  a problem i n  SSFs t h a t  r a n  f o r  
extended pe r iods  as evidenced by t h e  i nc rease  i n  base u t i l i z a t i o n  f o r  pH c o n t r o l  
and the  concomitant decrease i n  ethanol  y i e l d s  (F igs .  8, 9 ) .  

The data gathered from the  o p e r a t i o n  o f  t h e  p i l o t  p l a n t  was used f o r  exten-  
s i v e  economic a n a l y s i s  o f  t h e  c e l l u l o s e  t o  ethanol  technology (14) .  
o f  t h i s  a n a l y s i s  a long w i t h  t h e  problem areas mentioned above i n d i c a t e  f u r t h e r  
sca le-up o f  t h e  process f rom the 1 ton/day t o  a 50 t o n l d a y  f a c i l i t y  should be 
c a r r i e d  o u t  i n  o r d e r  t o  i d e n t i f y  s p e c i f i c  equipment t o  be used on a commercial 
s c a l e  and execute process m o d i f i c a t i o n s  toward enhancing t h e  economic v i a b i l i t y  
o f  t h e  technology.  

Wi th  p u l p  m i l l  wastes i n  l a b o r a t o r y  s t u d i e s ,  SSFs o f  85 t o  

The reasons f o r  t h e  d i f f e r e n c e  i n  

The r e s u l t s  

NOMENCLATURE 

a 

D 

D i  

Dv 

I . D .  

kL 

L 

m 

V 

area 

d i l u t i o n  r a t e  

i m p e l l e r  d iameter  

vessel d iameter  

i n t e r n a l  d iameter  

mass t r a n s f e r  c o e f f i c i e n t  

vessel l e n g t h  

minute 

volume 
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Table I 

Yeast growth medium ( f l a s k )  

0 -glucose 
yeast ex t rac t  
mal t  ex t rac t  
bacto-peptone 

g / l  
20.0 
5.0 
5.0 
5.0 

Table I1  

Yeast growth medium (fermenter)  

0 -glucose 

CaCl 
Cornsteep L iquor  

(NH4)2 so4 
MgSOb.7HpO 

Table 111 

2'. reesei growth medium 

g / l  
20.5 
1.5 
0.11 
0.06 
7.5 

g / l  
20.0 
2.0 
1.23 
1 .o 
3.0 
0.05 
0.014 
0.016 
0.04 
2.62 
1.7 
7.5 

Table I V  

2'. reesei enzyme product ion medium 

g / l  
Cel lu lose (Avicel  105) 20.0 
KH2P04 2.0 
(NH4)2HP04 1.23 
MgSO, *7H,O 1 .o 
CaC1, 3.0 
FeSO, 0.05 
ZnSO, 0.014 
MnSO, 0.016 
C O C l  0.04 

2.62 
1.72 

( N H 4 L  SO, 
(NH2 ),CO 
Cornsteep L iquor  7.5 
Tween 80 0.2% 
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Figure 2. Batch Enzyme Production FPRS A c t i v i t y  
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LOW ENERGY DISTILLATION SYSTEMS 

! R .  Katzen, W . R .  Ackley, G.D. Moon, J r . ,  J . R .  Messick, B.F. B rush ,  K . F .  Kaupisch 

Raphael Katzen Associates International, Inc.  
1050 Delta Avenue, Cincinnati ,  Ohio 45208 

ABSTRACT 

Much work, aimed a t  improvements in t h e  manufacture and recove ry  
Of e thy l  alcohol, i s  c u r r e n t l y  being conducted in connection w i t h  t h e  
product ion o f  subst i tu te  liquid fuels; e..g., Gasohol. A p r imary  consider-  
at ion in all schemes f o r  p roduc ing  subst i tu te  liquid fue ls  l ies in t h e  energy  
consumed t o  produce t h e  fuels. B y  energy  re-use, pressure cascading 
and waste heat recovery,  t he  expendi ture o f  energy in dist i l lat ion (alcohol 
recovery)  can b e  g rea t l y  reduced. Such energy savings have been indus- 
t r i a l l y  demonstrated in th ree  systems described in th i s  paper. Fo r  high 
g rade  indust r ia l  ethanol product ion,  a steam consumption o f  3.0-4.2 Kg/  
l i t e r  (25-35 Ib/U.S. gal lon) o f  looo G.L. alcohol i s  realized. For  motor 
fuel grade anhydrous alcohol, t h e  steam consumption is 1.8 t o  2.5 Kg / l i t e r  
(15-20 Ib/U.S. gallon) o f  99.5' G.L. alcohol, and f o r  hyd rous  motor fue l  
grade alcohol, t h e  steam consumption i s  1.2 t o  1.4 Kg/ l i t e r  (10-12 Ib/U.S. 
gallon) of 96O G.L.  alcohol. 

ALCOHOL DISTILLATION 

Over  t h e  past  two decades, Raphael Katzen Associates International, 
I nc .  has developed a series o f  highly ef f ic ient  alcohol dist i l lat ion systems 
fo r  recovery of various grades o f  e thy l  alcohol f rom synthet ic  and fermen- 
tat ion feedstocks. For each o f  these systems, the  prime goal i s  minimi- 
zation o f  energy consumption. 

T h e  RKA l l  d is t i l la t ion system f o r  product ion o f  h igh  qua l i t y  s p i r i t s  o r  
i ndus t r i a l  grade alcohol, uses a f o u r  tower  d is t i l la t ion t ra in .  The p roduc t  
i s  f i r s t  qual i ty  neutra l  sp i r i t s  a t  96O G.L. (192O U.S. proof )  ethanol. 
When t h e  crude ethanol feed i s  obtained by the  synthet ic  process, e.g., 
d i r e c t  hyd ra t i on  of ethylene, on l y  3 towers are requi red.  For motor fue l  
g rade  alcohol, where a high qua l i t y  p roduc t  i s  n o t  necessary, simpler 
abbreviated systems are used t o  reduce investment and operat ing costs. 

PRODUCTION OF 96' G.L. HYDROUS INDUSTRIAL ALCOHOL 

T h e  dist i l lat ion system i s  shown in F igu re  1 (I, 2). The  process has 
been successfully operated commercially w i t h  f o u r  d i f f e ren t  fermentation 
feedstocks, namely, molasses, g r a i n  (corn o r  milo), co rn  wet mi l l ing 
middl ings, and su l f i te  waste l iquor .  In addit ion, it has been operated 
w i t h  an ethylene-based synthet ic  crude.  
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Beer from t h e  fermenters, conta in ing approximately 6-8 w t  % alcohol 
and %IO% total sol ids (suspended and  dissolved) i s  preheated t o  near 
saturation temperature and fed  to  t h e  beer s t i l l .  A n  overhead condensed 
product ,  a t  75-85O G.L. (150'-170° U.S. proof )  i s  taken t o  t h e  high wines 
drum, and t h e  bottoms liquid (st i l lage), containing not  more t h a n  0.02 
w t  % alcohol, is t rea ted  f u r t h e r  f o r  animal feed production. 

The high wines d is t i l la te  f rom t h e  beer s t i l l  i s  mixed w i th  recycled 
alcohol from the  concentrat ing tower and  the  combined stream is f e d  to  t h e  
ext ract ive d is t i l la t ion tower .  

t ies; 
t i on  

The ex t rac t i ve  tower i s  designed t o  separate substant ia l ly  al l  impur i -  
aldehydes, esters, and h ighe r  alcohols f rom t h e  ethanol. The  ext rac-  

technique rel ies on t h e  vo la t i l i t y  invers ion o f  t he  h ighe r  alcohols w i th  
respect t o  ethanol in solut ions conta in ing high concentrat ions o f  water. 
The  n e t  resu l t  i s  t h a t  a substant ia l ly  p u r e  ethanol/water m ix tu re  i s  r e -  
moved f rom the  bottom o f  t h e  ex t rac t i ve  tower while t h e  impur i t ies  are 
taken overhead. 

Di lute alcohol f rom t h e  base o f  t h e  ex t rac t i ve  tower i s  s t r i pped  and 
concentrated t o  p r o d u c t  s t reng th  in t h e  rec t i f y i ng  tower. A heads pu rge  
i s  taken f rom the  overhead condensate. Product  ethanol a t  96O G.L. (192' 
U.S. proof) is w i thd rawn  near t h e  top  o f  t he  r e c t i f y i n g  tower, and a 
water stream, conta in ing t race amounts o f  alcohol, is d ischarged f rom t h e  
base. Heads and side d raw fusel oi l  pu rges  are fed  to  t h e  concentrat ing 
tower  to p reven t  any buildup of impur i t ies  in t h e  rec t i f y i ng  tower. The  
overhead stream f r o m  t h e  ex t rac t i ve  tower  also i s  fed to  t h e  concentrat ing 
tower. Heads a n d  fusel  o i l  a re  concentrated in t h i s  tower and removed 
f rom the system, w i th  t h e  recovered alcohol be ing recycled t o  the  ext rac-  
t i v e  tower. 

Steam economy i s  achieved by mult i-stage preheat ing o f  beer feed, 
and by operat ing the  ex t rac t i ve  and  concentrat ing towers a t  h ighe r  pres- 
sures.  T h e  overheads f rom these pressure towers supply  thermal energy 
to t h e  reboi lers o f  t h e  r e c t i f y i n g  tower .  Such pressure cascading resul ts  
in a 30 t o  50% reduct ion in virgin steam.. 

The k e y  features o f  t h e  R K A l l  high qua l i t y  alcohol d is t i l la t ion system 
are: 

1. Ex t rac t i ve  d is t i l la t ion accomplishes a h ighe r  degree of impur i t y  
removal t han  i s  possible in more conventional systems. Product 1 

ethanol contains on ly  20-30 ppm o f  total impur i t ies .  

2. T h e  use of pressure cascading permits substantial heat recovery 
and  re-use. In t h e  system descr ibed above and in f i g u r e  1, t h e  
ex t rac t i on  tower and concentrat ing tower a re  operated a t  a pres-  
s u r e  h i g h e r  than  t h e  r e c t i f y i n g  tower .  The overhead vapors 



f rom these pressure towers supp ly  thermal energy t o  t h e  rec t i f y -  
i n g  tower reboi lers. B y  operat ing in t h i s  manner, t h e  steam 
usage i s  kep t  t o  a minimum. Commercial faci l i t ies us ing  t h i s  
pressure cascading technique, show steam usages o f  on l y  3.0 t o  
4.2 K g  o f  steam per  l i t e r  (25 t o  35 Ib/gal) o f  96O G.L. (192O 
U.S. proof)  ethanol compared t o  6.0 Kg / l i t e r  in ear l ier  conven- 
t ional systems. 

3. Substantial ly al l  (95 t o  98%) of t h e  ethanol in t h e  c r u d e  feed i s  
recovered as f i r s t  grade p roduc t .  

4.  Design of highly ef f ic ient  tower  t r a y s  permits high t u r n d o w n  
capabil i ty. These t r a y s  are designed t o  b e  self-descal ing in t h e  
s t r i p p i n g  section o f  t h e  beer towers. 

5. A highly advanced contro l  system, developed t h r o u g h  years o f  
experience, prov ides f o r  sustained stable operation, w i th  on l y  
par t - t ime attention of an operation requi red.  Product  qua l i t y  i s  
maintained w i th  less t h a n  30 p a r t s  pe r  mill ion o f  to ta l  impur i t ies .  
Permanganate time is in excess o f  60 minutes. 

PRODUCTION OF ANHYDROUS (99.5'-99.98' G. L . )  ALCOHOL 

Anhydrous alcohol i s  produced by azeotropic dist i l lat ion. A high 
grade p roduc t  of 99.98O G.L.  (199.96O U.S. proof)  concentrat ion is p r o -  
duced f o r  use in food and  pharmaceutical aerosol preparations. A p ro -  
duc t  o f  99.5O G.L.  (199O U.S. proof )  concentrat ion i s  produced f o r  b lend-  
i ng  w i th  gasoline f o r  motor fue l .  

T h e  Katzen two-tower dehydra t i ng  system design (see F igu re  2) has 
been instal led and successful ly operated in seven d i f f e ren t  alcohol p lants  
in N o r t h  America and t h e  Carr ibean.  

The  96' G.L. (192O U.S. proof )  p roduc t  i s  wi thdrawn f rom t h e  side 
o f  t he  rec t i f i e r  in the hyd rous  d is t i l la t ion process. The  hyd rous  alcohol i s  
f ed  to  an atmospheric dehydra t i ng  tower. Removal o f  water f rom t h e  feed 
i s  achieved by the  use o f  benzene, heptane, cyclohexane, o r  o the r  suitable 
ent ra in ing agent. A t e r n a r y  azeotrope i s  taken overhead f rom t h e  dehy-  
d r a t i n g  tower .  T h e  overhead vapors a re  condensed and t h e - t w o  liquid 
phases are separated in a decanter. 

The  en t ra ine r - r i ch  phase is re f l uxed  t o  t h e  dehydra t i ng  tower .  A 
reboi ler is used t o  supply  vapor  t o  t h i s  tower  w i th  heat supplied by e i ther  
low pressure steam, recovered f lash vapor ,  o r  h o t  e f f luent  and condensate 
streams f rom t h e  hyd rous  alcohol unit. 
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The  aqueous phase f rom the  decanter i s  f e d  t o  a s t r i ppe r .  The  
ent ra in ing agent i s  recovered, along w i th  alcohol, in t h e  overhead vapor .  
Water is removed f rom the  bottom of t he  s t r i ppe r .  D i rec t  steam may be 
used in t h i s  s t r i ppe r .  

The bottoms stream f rom t h e  azeotropic dehydra t i ng  tower i s  t he  
anhydrous alcohol p roduc t .  

Design know-how consists of optimizing t h e  balance between capital 
costs and u t i l i t y  consumption, w i th  stable contro l .  Specific features which 
contr ibute t o  overa l l  process ef f ic iency and  re l iab i l i ty  o t  t h e  R K A l l  anhy-  
d rous  alcohol d is t i l la t ion system are: 

1. Use o f  a common condenser and decanter f o r  t h e  dehydrat ion and 
stripping towers t o  reduce capital costs. 

2. Design o f  h i g h l y  e f f ic ient  tower t r a y s  f o r  high tu rndown capa- 
bility. 

3. Low consumption o f  en t ra in ing  agent  (less than 0.1 K g  p e r  1,000 
l i t e r s  o f  anhydrous alcohoi). 

4. Low consumption o f  steam (1 t o  1.5 Kg / l i t e r  o r  8.3 to 12.5 
Ib/gal lon of anhydrous alcohol), o r  equivalent h o t  condensate o r  

. waste streams. 

PRODUCTION OF ANHYDROUS MOTOR FUEL GRADE ALCOHOL 

For motor fue l  g rade  alcohol, t he  beer feed is preheated in a mul t i -  
stage heat exchange sequence. A pressure s t r i ppe r - rec t i f i e r  (see F igure 
3) i s  used t o  separate t h e  beer feed in to  an  overhead f rac t i on  o f  about 95' 
G.L. (190' U.S. p roo f )  alcohol and a bottoms stream containing less than  
0.02 w t  % alcohol. Side draws are made t o  remove fusel oi ls. These oi ls 
are recovered by water washing, and reblended as a component o f  t h e  
motor fuel grade alcohol. I n  addition, a pasteur iz ing section is used t o  
concentrate low bo i l i ng  impur i t ies .  These a re  removed by tak ing  a small 
heads draw which is b u r n e d  in t h e  p ian t  reboi ler .  Dehydrat ion o f  t h e  
hyd rous  p roduc t  i s  accomplished in two addit ional towers. Energy i s  
supplied t o  the  reboi lers  o f  t h e  two towers in t h e  dehydrat ion step by 
condensing the  overhead vapors f rom the  p ressu re  s t r i ppe r - rec t i f i e r .  B y  
operat ing t h e  beer  s t r i ppe r - rec t i f i e r  a t  a h ighe r  pressure (3) than  the  
two-tower dehydra t i on  system, v e r y  low to ta l  steam consumption can b e  
achieved. T h e  steam usage i s  1 . 8  t o  2.4 Kg / l i t e r  (15 t o  20 Ib/gal lon) of 
9 9 S 0  G.L.  (199' U.S. proof )  motor fue l  grade alcohol p roduc t  (5). 
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PRODUCTION OF HYDROUS MOTOR FUEL GRADE ALCOHOL 

For a p roduc t  t o  b e  ut i l ized in NEAT alcohol engines (no gasoline in 
the  blend), f u r t h e r  steam economy can be achieved when on ly  85-95' G.L. 
(170'-190' U.S. proof )  alcohol p roduc t  i s  desired. Th is  i s  accomplished 
by spl i t t ing the  s t r i pp ing - rec t i f y i ng  dut ies between two towers (see F igu re  
4, Ref. 4). The  f i r s t  s t r i ppe r - rec t i f i e r  tower is operated a t  a pressure 
h ighe r  than the  second tower and receives 50 to  60% o f  t he  beer feed. 
The  overhead vapors f rom the  f i r s t  tower are used t o  boil up vapor  i n  the 
second tower. 

The steam usage i s  1.2 to  1.5 Kg / l i t e r  ( I O  t o  12 Ib/gal lon) of  85'-96' 
G.L. (170°-1920 U.S. proof )  motor fue l  g rade  alcohol (on a 100% ethanol 
basis). Along w i th  steam economy, cooling water requirements a re  reduced 
proport ionately. 

SUMMARY 

A summary o f  investment f o r  typ ica l  low energy d is t i l la t ion systems 
(shown in -Figures 1 t h r o u g h  4) f o r  product ion o f  190 MM l i t e r / yea r  (50 MM 
USGPY) alcohols i s  g i ven  in Table 1. Also, shown are t h e  steam, cool ing 
water and electr ic energy requirements f o r  each system. 
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T A B L E  1 

LOW ENERGY D I S T  I L L A T  ION SYSTEMS 

SUMMARY OF INVESTMENT A N D  U T I L I T I E S  

190 MM l i t e r s / y r  (50 MM g a l l o n s / y r )  

F i g u r e  

Alcohol P r o d u c t ,  
U.S.  Proof  

D i s t  i I I a t  ion  U nit 
Inves tment  
$MM U . S .  

Steam Usage 
K g / l i t e r  
( Ib /ga l lon)  

Cooling Water 
M T / h r  

E lec t r i c  Power 
k w  

H i g h  Grade  A n h y d r o u s  A n h y d r o u s  H y d r o u s  1 

(96' G .L . )  (looo G.L.)  (99.5O G.L . )  Motor  Fuel  / 

Grade 1 I n d u s t r i a l  I n d u s t r i a l  Motor  Fuel  
A lcohol  A I co ho l  A lcohol  A I coho1 

1 2 3 4 

190 200 199 190 

7.3 2.8 6.1 3.4 

4.1 1.4 2.2 1.2 
(34) (11.7) (18) (10) 

1866 934 1311 182 

289 31 133 177 
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CHEMICAL FEEDSTOCKS FROM WOOD: AQUEOUS ORGANIC ALCOHOL TREATMENT 

S .  M. Hansen and G. C. April 
The University of Alabama 

Chemical and Metallurgical Engineering 
P. 0. Box G 

University, Alabama 35486 

INTRODUCTION 

The current world petroleum crisis has caused renewed interest in alternative 
and renewable sources of fuel and feedstock chemicals. One such alternative receiv- 
ing attention involves the separation of wood into its components, cellulose, hemi- 
cellulose and lignin, followed by conversion to feedstock chemicals. Treatment of 
wood with an aqueous organic solvent has been found to be effective in removing 
lignin and hemicellulose from the cellulose fibers. 

Early work by Aronovsky and Gortner (1) studied the use of aqueous solutions of 
organic alcohols to remove lignin and produce wood pulp. 
aqueous n-butanol was the most effective solvent for producing a well pulped residue 
and for the removal of lignin. 

They determined that 

Kleinert (2,3) found that organosolve bulk delignification occurred in two 
distinct psuedo-first order stages. Delignification was found to be considerably 
faster during the first part of the batch cook. 

More recently, Katzen et al. (4) showed that a continuous alcohol pulping pro- 
cess using aqueous ethanol is economically feasible if the by-products (lignin and 
hemicellulose hydrolysis products) can be upgraded and sold. A pay out time of 3.2 
years with a 22% return on investment was calculated. 

This paper reviews the recent work with aqueous organic solvents conducted at 
The University of Alabama. Emphasis on the rate of lignin removal and the extent of 
pulp recovery is included. The use of the data to make preliminary process calcula- 
tions regarding technical and economic feasibility is also addressed with compari- 
sons to recent work reported in the literature. 

BATCH DELIGNIFICATION STUDIES 

A majority of the work reported in the literature was accomplished using batch 
equipment. 
this mode of investigation. 
shown in Table 1. 

Initial screening studies at The University of Alabama likewise followed 
A summary of the various conditions investigated is 

Table 1 - Summary of Experimental Conditions 
Wood Type - Southern Yellow Pine, Sweet Gum 
Wood Size - Meal (-10 +70) 
Solvent Type - Ethanol, Butanol, Phenol 
Solvent /Water - 50/50 by Volume 
Solvent/Wood - 15 ml Solvent/l g Wood 
Temperature 175-205OC 
Pressure - 1140-2180kPa 
Catalysts - Alum, A1C13, Anthraquinone 

- 
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A summary of t h e  r e s u l t s  of the  b a t c h  experiments  is shown i n  Table 2 .  

Table 2 - Summary of  Batch Resul t s  

Southern Yellow Pine  

Condit ions - T i m e  % Residual  Pulp % Lignin Removed 

Solvent :  nBuOH 0.0 85.3  15 .O 
Temp: 175°C 0.5 7 4 . 1  36.0 
Pressure :  1140 kPa 1.0 71.8  36.0 

4 . 0  67.5 22.0 

Solvent  : nBuOH 0.0 65.3  27.2 
Temp: 205OC 2.0 60 .7  36 .0  
Pressure :  2170 kPa 4 . 0  56.0 35.0 

Solvent :  Phenol 0.0 58.0 35.9 
Temp: 205'C 0.5 43.0 83 .1  
Pressure :  1490 kPa 1.0 41.1  84 .7  

1 . 5  39.5 87 .O 
2.0 38.0 89.3 
4 .0  36.2 89.7 

Condit ions ~ Time % Residual  Pulp % Lignin Removed 

Solvent :  nBuOH 0.00 90.8 17.2 

Pressure :  1140 kPa 
Temp: 175OC 0.67 6 9 . 1  45.3 

Solvent :  nBuOH 0.0 69.2 
Temp: 205OC 0.5 56.5 
Pressure :  2170 kPa 1.0 50.4 

1 .5  47.8 
2.0 45.7 

42.2 
60 .9  
78.6 
83.6 
88 .8  

4.0 4 3 . 1  85.7 

These d a t a  a r e  g r a p h i c a l l y  i l l u s t r a t e d  i n  F igures  1 & 2 i n  which t h e  f r a c t i o n a l  

A r a p i d  decrease  i n  t h e  r e s i d u a l  pulp dur ing  t h e  e a r l y  s t a g e s  
r e s i d u a l  pu lp  v e r s u s  time-at-temperature i s  p l o t t e d  on r e c t a n g u l a r  and semi-log 
paper ,  r e s p e c t i v e l y .  
of t h e  cook i s  observed. 

Figure 2 shows t h e  c h a r a c t e r i s t i c ,  two s t a g e  process  t h a t  has  been descr ibed  by 
Kle iner t  and o t h e r s  ( 5 , 6 )  by a two s t e p ,  f i r s t  o r d e r  express ion .  For the  systems 
i n v e s t i g a t e d  i n  t h i s  s tudy  t h e  r a t e  cons tan ts  f o r  each s t e p  were c a l c u l a t e d  t o  be 
between 5 . 0  x 
4.0 x 

and 2.0 x rnin-l f o r  t h e  rap id  i n i t i a l  s t e p  and between 
and 4.0 x 10-3 min-1 f o r  t h e  subsequent  slower r a t e .  

Figures  3 and 4 show t h e  l i g n i n  removed v e r s u s  time and t h e  l o g  of l i g n i n  
removed v e r s u s  t i m e .  
ba tch  s t u d i e s  ( see  F igure  3 )  and then decreases .  This  decrease  i n  t h e  amount of 
l i g n i n  removed is due t o  repolymer iza t ion  and p r e c i p i t a t i o n  of removed l i g n i n ,  

The percent  l i g n i n  removed reaches a maximum l e v e l  i n  the  
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and/or  t o  t h e  decrease  i n  s o l u b i l i t y  of l i g n i n  i n  t h e  s o l v e n t  as it cools  t o  room 
temperature .  Figure 4 shows t h a t  t h e  removal of l i g n i n  occurs  i n  s e v e r a l  f i r s t  
o rder  s t a g e s  p a r a l l e l i n g  the  r e s u l t s  noted f o r  r e s i d u a l  pulp (Figure 2) .  
i n g  rate cons tan ts  f o r  l i g n i n  a r e  i n  good agreement wi th  those  va lues  repor ted  f o r  
r e s i d u a l  pulp (2 x 10-2 t o  6.0 x min-1 and 3.0 x 10-4 t o  1 x 10-3) i n d i c a t i n g  
a common mechanism dur ing  i n i t i a l  s t a g e s  of hydro lys is .  Kle iner t  (2  3) repor ted  
va lues  f o r  the  r a t e  cons tan ts  between 1.5 x 
correspnding t o  t h e  i n i t i a l  f i r s t  o rder  removal presented  here .  

Correspond- 

and 3.0 x min-i f o r  t i m e s  

SEMI-BATCH DELIGNIFICATION STUDIES 

In  order  t o  e l i m i n a t e  problems of  s o l u b i l i t y  and repolymerization/redeposition 
of  l i g n i n ,  and, t o  s imula te  more c l o s e l y  commercial d e l i g n i f i c a t i o n  process ing ,  a 
series of d a t a  have been c o l l e c t e d  using a semi-batch appara tus .  I n  t h i s  scheme, 
t h e  so lvent  phase is cont inuously passed over a f ixed  bed of  wood ch ips .  
r e s u l t s  ob ta ined  from these  runs  a r e  summarized i n  Table 3. 

The 

Table 3 - Semi-Batch Resul t s  

% Residual  % Lignin  
---- Solvent  Wood Temp,"C T i m e  h r s  Flow cclmin Pulp Removed Cata lys t*  

EtOH 
EtOH 
EtOH 
EtOH 
E t O H  
EtOH 
E t O H  
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 

SYP 
SG 
SG 
SG 

SY P 
SYP 
SYP 

SG 
SG 
SG 
SG 
SG 

SYP 
SYP 

175 2.50 
175 0.67 
175 0.67 
175 0.67 
205 1.33 
205 2.50 
205 4.00 
175 0.67 
175 0.67 
175 0.67 
175 0.67 
200 0.67 
205 4.00 
205 4.00 

7.20 
7.20 
7.20 
7.20 
3.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
5.43 
6.30 

91.1 
74.0 
73.2 
30.6 
52 .1  
65.4 
47.0 
95.5 
96.8 
43.2 
74.6 
67.8 
65 .O 
69.3 

3.7 
47.3 

97.9 
59.4 
38.9 
62.2 
20.0 
15.3 
87.2 
37.9 
45.2 
43.7 
43.6 

48.9 Anthraquinone 
A l C 1 3  

- 

- 
Alum 
AlC13 

Anthraquinone 
- 

*Catalyst  concent ra t ion  i s  0.005 % w t  

These va lues  show t h a t  f o r  d e l i g n i f i c a t i o n  t o  proceed a t  an apprec iab le  rate 
wi th  Southern Yellow P i n e ,  t h e  temperature must be above 175OC. It i s  a l s o  seen  
t h a t  more l i g n i n  i s  removed using aqueous e t h a n o l  a s  a s o l v e n t  (over  n-BuOH) b u t  t h e  
amount of r e s i d u a l  pulp decreases  due t o  increased  hydro lys is  of  t h e  carbohydrates .  

The r e s u l t s  show t h a t  anthraquinone has  no c a t a l y t i c  a f f e c t  i n  aqueous e t h a n o l  
a t  175OC. 
The high l o s s  of carbohydrates  makes A l C 1 3  an undes i rab le  c a t a l y s t  f o r  the  product ion 
of wood pulp.  

The use of  A l C 1 3  as a c a t a l y s t  causes  a s e v e r e  l o s s  of  t h e  carbohydrates .  

I n  aqueous nBuOH solvent  a t  175°C Alum has  no c a t a l y t i c  e f f e c t .  The use of  
anthraquinone c a t a l y s t  cause t h e  percent  l i g n i n  removal t o  i n c r e a s e  from 20.0% t o  
37.9% with a corresponding decrease  i n  r e s i d u a l  pu lp  from 95.5% t o  74.6%. The use 
of AlCl3 aga in  l e a d s  t o  high l i g n i n  removals wi th  r a p i d  hydro lys is  of the  carbo- 
hydrates .  
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Recovery d a t a  from a four  hour semi-batch e x t r a c t i o n  of Southern Yellow Pine 
wi th  aqueous e t h a n o l  a t  205*C are shown i n  Figure 5. 
sampling t h e  e f f l u e n t  a t  100 m l  i n t e r v a l s .  
us ing  a r o t a r y  evapora tor  followed by a n a l y s i s  of the  r e s i d u e  f o r  l i g n i n  conten t .  
The corresponding r a t e  of  removal of t h e  l i g n i n  w a s  descr ibed by a f i r s t  o rder  model 
producing a r a t e  c o n s t a n t  o f  1 .5  x 10-2 min-1; w e l l  w i t h i n  t h e  r a t e  of  va lues  ca l -  
c u l a t e d  f o r  ba tch  t rea tment .  

This  d a t a  was c o l l e c t e d  by 
These samples were s t r i p p e d  of  so lvent  

Using t h e  above informat ion  and d a t a  on t h e  phys ica l  p r o p e r t i e s  o f  t h e  s o l v e n t s ,  
a pre l iminary  engineer ing  a n a l y s i s  can be made e v a l u a t i n g  commercial a p p l i c a t i o n  of 
t h e  t rea tment  method. 

Commercial a p p l i c a t i o n s  v a r i o u s  process  schemes have been proposed f o r  organic  
s o l v e n t  d e l i g n i f i c a t i o n  i n c l u d i n g  t h e  more r e c e n t  one by Katzen (4)  f o r  aqueous 
e t h a n o l  e x t r a c t i o n .  Figure 6 shows a form of t h a t  process  modified f o r  n-butanol- 
water t rea tment .  This  process  i s  comprised of f o u r  s e c t i o n s :  Ext rac t ion ,  Solvent 
Separa t ion ,  Solvent  Recovery and Product  Recovery. A f i f t h ,  p re t rea tment  of t h e  
wood may a l s o  b e  inc luded  a s  a major s e c t i o n  of hemicel lulose recovery i s  con- 
s i d e r e d  a s  a n  o p t i o n .  
e x t r a c t i o n  e f f i c i e n c i e s  generated i n  t h e  experimental  i n v e s t i g a t i o n  f o r  n-butanol- 
water  t rea tment .  

I n  g e n e r a l ,  1000 kg of wood is needed t o  produce 650 kg of pulp ( 

The v a l u e s  shown tabula ted  a r e  based on t h e  recovery d a t a  and 

25% l i g n i n ) ,  
150 kg of d r y  e x t r a c t e d  l i g n i n  and 200 kg of  hemice l lu lose  hydro lys is  products .  The 
pulp could b e  f u r t h e r  processed f o r  use a s  a paper  s t o c k  o r  could be a c i d  hydrolyzed 
t o  glucose.  
n-butanol, making e i t h e r  s o l v e n t  process  t o t a l l y  independent of petroleum sources .  

There a r e  e x i s t i n g  processes  f o r  conver t ing  glucose t o  e t h a n o l  o r  

Approximately 1% of t h e  s o l v e n t  would be h e l d  up by t h e  pulp and 1% would be 
removed wi th  t h e  l i g n i n  s l u r r y .  
removed by s team s t r i p p i n g  g i v i n g  a n  o v e r a l l  a l c o h o l  loss of 25 kg of nBuOH p e r  1000 
kg of  wood processed .  It is  a l s o  es t imated  t h a t  275 kca l /kg  of wood processed/  
e x t r a c t o r  would be r e q u i r e d  assuming 20% energy lo s s .  This compares q u i t e  favorably 
with the va lue  of  268 kca l /kg  wood given.by Katzen ( 4 )  using a b a t t e r y  of nine 
e x t r a c t o r s .  

Approximately 80-90% of  t h i s  could be  e a s i l y  

1. 

2 .  

3. 

4 .  

5.  

6 .  
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Figure 5 .  Cunulative Weight of Wood Components Recovered vs. Contact Time i n  a Semi -  
Batch System using Aqueous Ethanol as the Del igni f icat ion Agent a t  205OC. 
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Extraction - S o l v e n t  S e p e r a t k -  Solvent Recovery Praduc  t Recovery 
I I I 1 

Organic 
Solvent  

1w 
I 
Solvent 

s e p e r a t o r  
I <  c 

Lignin 

Steam 

Aqueous 
Evaporator 

I Hemicellulose 

@ 
- syrup 

stream I 1  2 3 4 5 6 

- 10840 10140 90 9990 150 nBuOH (kg) 
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Introduction 

Increased emphasis on energy and material recovery and the need 
for alternatives to solid waste disposal in landfills have generated growing 
interest in waste-as-fuel processes. The processes include, on a generic 
basis, waterwall incinerators, pyrolysis systems, combined fuel-fired systems 
(coal plus refuse derived fuel [RDF], RDF plus municipal sewage sludge, coal 
plus wood waste, and biochemical conversion of waste to methane. 

The Fuels Technology Branch of EPA's Industrial Environmental Research 
Laboratory in Cincinnati is sponsoring a program at Midwest Research 
Institute (MRI) to conduct environmental assessments of some of the above 
waste-to-energy conversion processes. The overall objective of this pro- 
gram is to evaluate the potential multi-media environmental impacts resulting 
from using combustible wastes as an energy source and thereby identify con- 
trol technology needs. 
extensive sampling and analysis efforts at the following waste conversion 
facilities. 

. 

A s  part of this program, MRI has undertaken fairly 

A 200 ton/day refuse pyrolysis system 

A 120 ton/day municipal incinerator fired with 
Municipal Solid Waste (MSW) 

' 

. A 10 MW power plant boiler fired with wood 
waste and No. 2 oil 

A 70,000 lb/hr steam boiler fired with coal 
and densified refuse-derived fuel (d-RDF) 

. A 20 MW power plant boiler fired with RDF 

A description of the facility, the sampling and analysis methods 
used, and the results obtained are individually presented below for each of 
the above facilities tested. 

Refuse Pyrolysis System 

. 

The Union Carbide refuse pyrolysis system (PlJROX) at South Charleston, 
West Virginia, was designed to pyrolyze 200 tons/day of refuse-derived fuel. 
The refuse fuel was produced by shredding MSW to a 3 in. size and then re- 
moving magnetic materials from the shredded waste. The PUROX system is a 
partial oxidation process that uses oxygen to convert solid wastes into a 
gas having a higher heating value ( H H V )  of about 370 Btu/scf. 
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Figure  1 i s  a schemat ic  i l l u s t r a t i o n  o f  t h e  Purox p rocess .  
r e f u s e  i s  r ece ived  by t r u c k  i n  t h e  p l a n t ' s  s t o r a g e  b u i l d i n g .  
and s tacked  i n  t h e  s t o r a g e  a r e a  by a f r o n t  end l o a d e r .  The same loade r  p i cks  
up t h e  s t o r e d  was te ,  weighs i t  on a p l a t fo rm,  and dumps it on a conveyor 
l ead ing  t o  t h e  s h r e d d e r ,  where i t  i s  shredded t o  a 3 - in .  s i z e .  
m a t e r i a l  i s  removed by a magnetic recovery system. 

Raw 
I t  is moved 

Fer rous  

The r e f u s e  f u e l  i s  f ed  i n t o  t h e  top  of t h e  r e a c t o r ,  t h e  p r i n c i p a l  
u n i t  on t h e  p r o c e s s ,  by two hydrau l i c  rams. There a r e  t h r e e  gene ra l  zones 
of r eac t ion  w i t h i n  t h e  r e a c t o r  (d ry ing ,  p y r o l y s i s ,  and combustion).  The 
r e a c t o r  is main ta ined  e s s e n t i a l l y  f u l l  of r e f u s e ,  which s lowly  descends by 
g r a v i t y  from t h e  d r y i n g  zone through t h e  p y r o l y s i s  zone i n t o  t h e  combination 
zone. A coun te r f low of h o t  gases ,  r i s i n g  from t h e  combustion zone a t  t h e  
bottom, d r i e s  t h e  incoming, mois t  r e f u s e .  A s  t h e  m a t e r i a l  p rog res ses  down- 
ward it is pyro lyzed  t o  form f u e l  g a s ,  c h a r ,  and o rgan ic  l i q u i d s .  

Oxygen i s  i n j e c t e d  i n t o  t h e  bottom h e a r t h  s e c t i o n  a t  a r a t i o  of 
about 20% by weight of incoming r e f u s e .  
from t h e  r e f u s e  t o  g e n e r a t e  tempera tures  of 1370 t o  165OOC i n  t h e  lower zone, 
which conver t s  t h e  noncombustibles i n t o  a molten r e s idue .  This  r e s idue  i s  
d ischarged  i n t o  a wa te r  quench t ank  where it forms a s l a g .  

The oxygen r e a c t s  wi th  char  formed 

The h o t  gases  from t h e  hea r th  s e c t i o n  a r e  cooled a s  they  rise 
through the  zones o f  t h e  r e a c t o r .  Af t e r  l eav ing  t h e  r e a c t o r ,  t h e  gases  a r e  
passed  through a r e c i r c u l a t i n g  water  s c rubbe r .  En t r a ined  s o l i d s  a r e  sepa- 
r a t e d  from t h e  sc rubbe r  water  i n  a s o l i d - l i q u i d  s e p a r a t o r ,  and r ecyc led  t o  
t h e  r e a c t o r  f o r  d i s p o s a l .  The water product  d i scharged  from t h e  s e p a r a t o r  
system i s  s e n t  t o  a p l a n t  t r ea tmen t  system. The gas l e a v i n g  t h e  scrubber  
i s  f u r t h e r  c leaned  i n  an e l e c t r o s t a t i c  p r e c i p i t a t o r  (ESP) and then  cooled 
i n  a hea t  exchanger p r i o r  t o  combustion i n  a f l a r e  combustor. During the  
t e s t s  t he  gas  was burned i n  a package b o i l e r  t r a n s p o r t e d  t o  t h e  s i t e  f o r  
t h e s e  t e s t s .  The f u e l  gas  c o n s i s t e d  of about  40% CO by volume, 23% C02, S% 
CH4, 26XH2, and t h e  rest be ing  NO, C2H4, e t c .  

Sampling a t  t h e  Purox f a c i l i t y  was d i r e c t e d  t o  t h e  t h r e e  e f f l u e n t  
s t r eams ;  s l a g ,  s c rubbe r  e f f l u e n t ,  and gaseous emiss ions  from a b o i l e r  when 
f i r e d  with Purox gas  and when f i r e d  wi th  n a t u r a l  gas .  
sampling and a n a l y s i s  scheme i s  shown i n  F igu re  2.  As can be seen  i n  t h i s  
f i g u r e ,  sampling and a n a l y s i s  of  each stream was r a t h e r  complex, be ing  d i -  
r e c t e d  t o  conven t iona l  p o l l u t a n t s  bu t  i nc lud ing ,  among o t h e r s ,  p r i o r i t y  pol -  
l u t a n t s  i n  water  samples and sampling of bo th  l i q u i d  and gaseous emissions 
f o r  most of t h e  a n a l y s e s  p r e s c r i b e d  under E P A ' s  Level 1 environmental  a s ses s -  
ment p r o t o c o l .  
conducted acco rd ing  t o  EPA Method 5, b u t  u s ing  a High Volume Sampling System 
(HVSS) because of  t h e  expec ted  low p a r t i c u l a t e  l oad ing .  
l i n g  a l s o  inc luded  u s e  of t h e  Level 1 SASS': t r a i n .  

An overview of t h e  

P a r t i c u l a t e  emiss ion  sampling i n  t h e  b o i l e r  s t a c k  was 

B o i l e r  s t a c k  samp- 

Water samples a l s o  underwent a n a l y s i s  f o r  p r i o r i t y  p o l l u t a n t s ,  
b u t  t h e  da ta  a r e  t o o  l eng thy  f o r  i n c l u s i o n  i n  t h i s  paper .  
t h e s e  ana lyses  showed t h a t  a few of  t hese  p o l l u t a n t s  were p r e s e n t  a t  d e t e c t -  
a b l e  l e v e l s  i n  t h e  sc rubbe r  e f f l u e n t ,  b u t  t h a t  t h e  Unox system d i d  e f f e c t i v e l y  
reduce t h e i r  c o n c e n t r a t i o n s .  

The r e s u l t s  of 

5; Source Assessment Sampling System. 
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Resu l t s  of t h e  t e s t i n g  e f f o r t  showed t h a t ,  of t h e  c r i t e r i a  po l lu -  
t a n t s ,  on ly  NO 
a s  compared to 'na tura l  gas .  
of 350-400 ppm and 0.002-0.005 $ r / s c f  r e s p e c t i v e l y .  
70-100 ppm. 
whereas NO w i l l  r e q u i r e  f u r t h e r  r educ t ion .  Also,  a n a l y s i s  f o r  me ta l s  and 
o t h e r  p o l l E t a n t s  i n d i c a t e  t h a t  t h e s e  should  no t  p r e s e n t  any problems. 

and p a r t i c u l a t e  emiss ions  inc reased  when burning Purox gas 
NO and p a r t i c u l a t e  l e v e l s  were of t h e  o r d e r  

SO2 emiss ions  averaged 
P a r t i c u l a t e  and SO2 emiss ions  were below p resen t  s t a n d a r d s ,  

Because of  t h e  d i f f i c u l t y  involved  i n  i n t e r p r e t i n g  much of  t h e  
da t a  c o l l e c t e d  i n  t h i s  t e s t ,  e s p e c i a l l y  t h e  Level 1 a n a l y s i s  r e s u l t s ,  t h e  
environmental  assessment work was extended t o  inc lude  a p p l i c a t i o n  of t h e  
methodology known a s  t h e  Source Analys is  Model (SAM/lA) developed by EPA. 
B a s i c a l l y ,  t h i s  model compares t h e  measured concen t r a t ions  of p o l l u t a n t s  
wi th  approximate emiss ion  concen t r a t ion  g u i d e l i n e s  known a s  MATE va lues  
(minimum a c u t e  t o x i c i t y  e f f l u e n t s ) .  
s e v e r a l  compounds o r  c l a s s e s  and t h e r e  i s  a s p e c i f i c  MATE concen t r a t ion  f o r  
each compound and f o r  each type  o f  e f f l u e n t  s t ream ( s o l i d ,  l i q u i d ,  o r  gaseous) .  
The MATE va lues  a r e  used t o  compute t h e  r a t i o  of  t h e  measured concen t r a t ion  
t o  t h e  MATE concen t r a t ion ,  and t h i s  r a t i o  i s  termed t h e  "degree of haza rd . "  
The "degree of  hazard" f o r  each p o l l u t a n t  i s  then  summed t o  provide  t h e  
"degree of hazard" f o r  t h e  e f f l u e n t  s t ream under cons ide ra t ion .  This  va lue ,  
when mul t ip l i ed  by t h e  e f f l u e n t  f l o w r a t e ,  i n  s p e c i f i c  u n i t s  ( e . g . ,  l i t e r s  
pe r  second) ,  e s t a b l i s h e s  t h e  " t o x i c  u n i t  dj-scharge r a t e "  (TUDR) f o r  t h e  
s t ream.  

These MATE va lues  have t a b u l a t e d  f o r  

The SAM/lA methodology, a s  desc r ibed  above, was u t i l i z e d  t o  ana- 
l yze  t h e  da t a  obta ined  f o r  each of  t h e  t h r e e  primary e f f l u e n t  s t reams from 
t h e  Purox process  ( s l a g ,  s c rubbe r  e f f l u e n t ,  and b o i l e r  s t a c k  g a s ) .  Based 
on t h e  SAM/lA methodology, t h e  sc rubber  e f f l u e n t  had t h e  h i g h e s t  "degree of 
haza rd , "  be ing  cons ide rab ly  g r e a t e r  than  t h e  "degree of hazard" f o r  t h e  i n p u t  
r i v e r  water.  However, t h e  s l a g  s t ream had t h e  h ighes t  " tox ic  u n i t  d i scha rge  
r a t e . "  
t h e  lowest " t o x i c  u n i t  d i scha rge  r a t e . "  Both of  t h e s e  va lues  were comparable 
t o  t h e  b a s e l i n e  va lues  computed f o r  b o i l e r  f l u e  gas when burning n a t u r a l  
gas .  

The b o i l e r  f l u e  gas  e f f l u e n t  had t h e  lowes t  "degree of hazard" and 

Municipal I n c i n e r a t o r  F i r e d  With MSW 

The B r a i n t r e e  munic ipa l  i n c i n e r a t o r  ( B r a i n t r e e ,  Massachuse t t s )  i s  
a mass-burn f a c i l i t y  c o n s i s t i n g  of  twin water -wal l  combustion u n i t s ,  each 
wi th  a des ign  capac i ty  of 120 tons  of MSW f o r  24-hr pe r iod .  A p o r t i o n  of 
t h e  steam produced (20-35%) is  supp l i ed  t o  ne ighbor ing  manufac turers  and 
t h e  remainder i s  condensed. 
ESP's exhaus t  t o  a common s t a c k .  

Each furnace  i s  equipped wi th  an ESP and both  

The R i l ey  S toke r  b o i l e r s  a r e  of  t h e  s i n g l e  pass  des ign ,  each  having 
a r a t e d  capac i ty  of 30,000 l b  of s team/hr  a t  400'F and 250 p s i g .  
u n i t s  a r e  s i n g l e  f i e l d ,  12 passage  p r e c i p i t a t o r s  wi th  a s p e c i f i c  c o l l e c t i o n  
a rea  of 125 f t 2 / 1 0 0 0  acfm; each has  a des ign  c o l l e c t i o n  e f f i c i e n c y  of 93%. 

The ESP 

Environmental assessment  of t h e  i n c i n e r a t o r  f a c i l i t y  was conducted 
us ing  EPA approved sampling and a n a l y s i s  procedures  s i m i l a r  t o  t h e s e  i d e n t i f i e d  
i n  F igure  2.  
below. 

Resu l t s  and conclus ions  of t h e  t e s t i n g  e f f o r t  a r e  summarized 
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Of t h e  c r i t e r i a  p o l l u t a n t s ,  S02, NO , and hydrocarbon emiss ions  
were low. 
t h e  l a r g e  q u a n t i t i e s  of excess  a i r  t h a t  were used. 
concen t r a t ion  was 0.24 g r / d s c f ,  c o r r e c t e d  t o  12% C02. T h i s  l e v e l  exceeded 
t h e  f e d e r a l  and s t a t e  r e g u l a t i o n s .  However, subsequent t es t s  f o r  compliance 
had an o u t l e t  p a r t i c u l a t e  loading  of 0.074 g r / d s c f ,  which shows compliance. 

However, CO l e v e l s  were h igh  and cguld no t  be exp la ined  cons ide r ing  
The average  p a r t i c u l a t e  

Elementa l  a n a l y s i s  of  t h e  g lass -and  me ta l - f r ee  bottom ash  revea led  
an  o v e r a l l  i n c r e a s e  i n  t h e  e lementa l  concen t r a t ions  when compared t o  t h e  
r e f u s e  feed. The c o l l e c t e d  f l y  a sh  conta ined  l e v e l s  of c h l o r i d e s ,  s u l f a t e s  
and some t r a c e  me ta l s  which may be of concern .  
t h e  c o l l e c t e d  f l y  a s h ;  4 PAH compounds were i d e n t i f i e d .  

PCB's were n o t  de t ec t ed  i n  

Levels  o f  BOD, COD, o i l  and g r e a s e ,  TSS and TDS i n  t h e  bottom ash  
quench water do n o t  appear  t o  be of concern.  
t o  be  < 0 . 1  m g / l i t e r  i n  a l l  samples.  

The pheno l i c  con ten t  was found 

Levels  o f  gaseous c h l o r i d e s  and o t h e r  h a l i d e s  were low. Presence 
o f  PCB's was confirmed only  i n  t h e  SASS t r a i n  XAD-2 r e s i n  a t  a concen t r a t ion  
of  3 . 6  pg/m3. 

Resu l t s  o f  t h e  SAM/lA environmental  assessment procedure  showed 
t h e  i n c i n e r a t o r  s t a c k  emiss ions  t o  have t h e  h i g h e s t  apparent  degree of h e a l t h  
hazard .  F u r t h e r  a n a l y s i s  i s  needed t o  de te rmine  t h e  e x a c t  composition of 
t h e  organic  components of t he  s t a c k  emiss ions  t o  b e t t e r  a s c e r t a i n  t h e  hazard 
p o t e n t i a l .  SAM/lA a l s o  showed t h a t  t h e  bottom ash  e f f l u e n t  had t h e  l a r g e s t  
t o x i c  u n i t  d i s c h a r g e  r a t e  due p r i m a r i l y  t o  t h e  abundance of phosphorus and 
meta ls  i n  t h i s  s t ream.  

Power P lan t  Bo i l e r  F i r e d  With Woodwaste and Fuel  O i l  

The No. 1 u n i t  a t  t h e  Bur l ing ton  E l e c t r i c  P l a n t  (Bur l ing ton ,  Vermont) 
was o r i g i n a l l y  a c o a l - f i r e d  b o i l e r  which has s i n c e  been modified t o  f i r e  
wood chips w i t h  supplementary No. 2 f u e l  o i l .  Because of t h e  h igh  mois ture  
con ten t  of  t h e  c h i p s ,  t h e  b o i l e r  cannot provide  t h e  d e s i r e d  steam ou tpu t  on 
wood a lone .  The re fo re ,  No. 2 f u e l  o i l  i s  used. Steam product ion  i s  r a t e d  
a t  100,000 l b / h r ,  which powers a 10 MW t u r b i n e  gene ra to r .  Res idua l  ash  from 
t h e  b o i l e r  i s  d i scha rged  a t  t h e  end of t h e  g r a t e  i n t o  a hopper and i s  then  
pneumat ica l ly  t r a n s p o r t e d  t o  an  emiss ion  c o n t r o l  system c o n s i s t i n g  of  t w o ,  
h igh  e f f i c i e n c y  mechanical c o l l e c t o r s  i n  s e r i e s .  For a f l u e  gas  flow r a t e  
of 60,000 acfm a t  330°F, t h e  c o l l e c t o r s  were designed f o r  an o v e r a l l  p re s su re  
drop of 6.5 i n .  H 2 0  and a c o l l e c t i o n  e f f i c i e n c y  of 97.75%. 

Sampling and a n a l y s i s  was based on t h e  ma t r ix  shown i n  F igu re  3 .  
Major r e s u l t s  and conc lus ions  of t h e  t e s t s  a r e  a s  fo l lows:  

On a h e a t  i npu t  b a s i s ,  wood accounted f o r  80% of t h e  b o i l e r  f u e l ,  
and o i l  t h e  remainder.  The h e a t  of combustion of  wood was 5870 Btu / lb  ( a s  
rece ived)  and f o r  o i l ,  t h e  h e a t  of combustion was 19,500 B t u / l b .  

1 
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Bottom a s h  a n a l y s i s  i n d i c a t e d  t h a t  most e lements  were more con- 
No P C B ' s  were d e t e c t e d  c e n t r a t e d  i n  t h e  a s h  r e l a t i v e  t o  t h e  i n p u t  f u e l s .  

i n  bottom a s h  b u t  one PAH compound, phenanthrene,  was p r e s e n t  a t  a concent ra -  
t i o n  of  0 .89  pg/g .  
b u t  s e v e r a l  PAH compounds were i d e n t i f i e d  i n  t h e  secondary a s h ,  w i t h  one 
sample c o n t a i n i n g  10 pg/g  of  phenanthrene.  

Pr imary and secondary c o l l e c t o r  a s h  conta ined  no PCB's 

P a r t i c l e  s i z i n g  a t  t h e  c o l l e c t o r  i n l e t  and o u t l e t ,  could n o t  be 
e s t a b l i s h e d  due t o  c o n s t a n t  plugging o f  t h e  o p t i c a l  c o u n t e r s  d i l u t i o n  system. 
S t a c k  c o n c e n t r a t i o n  of  p a r t i c u l a t e s  averaged 0 .08  gr /dscf  and t h e  c o l l e c t o r  
had a p a r t i c u l a t e  e f f i c i e n c y  of 94.2%. NO and SO2 c o n c e n t r a t i o n s  averaged 
66 and 138 ppm r e s p e c t i v e l y .  CO averaged $13 ppm and hydrocarbons 9 ppm. 
Analysis  of Method 5 p a r t i c u l a t e  i n d i c a t e d  c o n c e n t r a t i o n s  approaching 100 
pg/dscm f o r  Pb, Ba, S r ,  Fe and T i  i n  t h e  s t a c k  g a s e s .  
t h e  s t a c k  g a s e s  were n e g a t i v e .  

PCB and PAH t e s t s  o f  

EPA's SAM-1A a n a l y s i s  i n d i c a t e d  t h a t  t h e  secondary c o l l e c t o r  a s h  
conta ined  t h e  h i g h e s t  degree  of  hazard  a l though a l l  t h r e e  a s h  s t reams were 
s i m i l a r  i n  t h e  magnitude of  t h e i r  hazard  v a l u e s .  S tack  emissions showed a 
low degree o f  hazard .  The pr imary c o l l e c t o r  a s h  had t h e  h i g h e s t  t o x i c  u n i t  
d i s c h a r g e  r a t e .  

Steam B o i l e r  F i r e d  With Coal and D e n s i f i e d  Refuse-Derived F u e l  (d-RDF) 

Emission t e s t s  were conducted on t h e  GSA/Pentagon f a c i l i t y ' s  No. 
4 b o i l e r  i n  Ar l ing ton ,  V i r g i n i a  d u r i n g  a t e s t  burn program coord ina ted  by 
t h e  General S e r v i c e s  Adminis t ra t ion  (GSA) and t h e  Nat iona l  Center  f o r  Resource 
Recovery (NCRR).  The No. 4 u n i t  i s  a n  u n d e r f e e d - r e t o r t  s t o k e r  b o i l e r  wi th  
a r a t e d  steam c a p a c i t y  of  70,000 l b / h r  a t  125 p s i g  and 350'F. During t h e  
t e s t s ,  t h e  b o i l e r  was equipped wi th  a m u l t i c l o n e  c o l l e c t o r  f o r  removal of  
p a r t i c u l a t e s  from t h e  exhaus t  gases .  

The tes t  burn program inc luded  t h r e e  f u e l  f i r i n g  modes: 100% c o a l  
( b a s e l i n e  c o n d i t i o n s ) ,  20% d-RDF + 80% c o a l ,  and 40% d-RDF + 60% c o a l .  Samples 
of  c o a l ,  d-RDF, and t h e  coal/d-RDF mixtures  were c o l l e c t e d  hour ly  by NCRR 
and analyzed f o r  mois ture ,  a s h ,  h e a t i n g  v a l u e ,  and chemical  composi t ion.  
Severa l  d a i l y  samples o f  bottom a s h  were a l s o  c o l l e c t e d  by NCRR and an lyzed  
f o r  loss -on- igni t ion  and chemical composi t ion.  MRI conducted sampling and 
a n a l y s i s  of t h e  s t a c k  e f f l u e n t .  Parameters  measured inc luded  p a r t i c u l a t e  
c o n c e n t r a t i o n ,  gaseous c r i t e r i a  p o l l u t a n t s  (SO2, NO , CO and t o t a l  hydro- 
carbons) ,  and c h l o r i d e s .  
f o r  lead  c o n t e n t .  

The p a r t i c u l a t e  samples wfre f u r t h e r  and ana lyzed  

R e s u l t s  of  t h e  emission t e s t s  showed t h a t :  

;'k P a r t i c u l a t e  emiss ions  were reduced from 22 t o  38% when d-RDF 
was blended w i t h  the  o r i g i n a l  c o a l  f u e l .  
emissions were lowest  when u s i n g  t h e  20% d-RDF blend and r o s e  
a g a i n  when t h e  p r o p o r t i o n  of  d-RDF was r a i s e d  t o  60%. T h i s  
f i n d i n g  may n o t  be c o n c l u s i v e ,  however, s i n c e  t h e  b o i l e r  load  
was he ld  s t e a d y  dur ing  t h e  20% RDF f i r i n g  b u t  n o t  d u r i n g  t h e  
60% mode. 

F i l t e r a b l e  p a r t i c u l a t e  
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Q The amount o f  p a r t i c u l a t e  l e a d  emi t ted  when burn ing  d-RDF w i t h  
c o a l  i s  s u b s t a n t i a l l y  h i g h e r  t h a n  t h a t  from combustion of  c o a l  
a l o n e  (an  average  of 1000 pg/m3 wi th  20% d-RDF, and 2,260 pg/m3 
w i t h  60% d-RDF, v e r s u s  330 pg/m3 wi th  c o a l  o n l y ) .  

* C h l o r i d e  emiss ions  showed no d e f i n i t e  t r e n d  which could  be 
used t o  c o r r e l a t e  c h l o r i d e  emissions with RDF modes, though 
s l i g h t l y  h igher  c o n c e n t r a t i o n s  of  H C 1  were observed i n  two 
of t h e  samples c o l l e c t e d  dur ing  combustion of  t h e  60% d-RDF 
blend .  

:'? C o n c e n t r a t i o n s  of  s u l f u r  d i o x i d e ,  n i t r o g e n  oxides  and carbon 
monoxide a l l  appeared t o  d e c r e a s e  s l i g h t l y  when t h e  RDF was 
used w i t h  c o a l .  Because o f  t h e  very  low s u l f u r  c o n t e n t  of 
d-RDF, SO2 emiss ions  were reduced p r o g r e s s i v e l y  a s  t h e  propor-  
t i o n  of  d-RDF w i t h  coa l  was i n c r e a s e d .  However, t h e  reduct ion  
i n  NO and CO l e v e l s ,  may o r  may n o t  have been t h e  d i r e c t  re- 
s u l t  zf burn ing  d-RDF s i n c e  t h e y  a r e  h i g h l y  dependent  on b o i l e r  
combust ion c o n d i t i o n s .  

Power B o i l e r  F i r e d  With RDF 

The Hempstead Resource Recovery P l a n t  (Long I s l a n d ,  New York) 
r e c e i v e s  munic ipa l  s o l i d  was te ,  produces a r e f u s e - d e r i v e d  f u e l  and conver t s  
t h e  f u e l  t o  e l e c t r i c a l  power. The f a c i l i t y  c o n s i s t s  of two d i s t i n c t  seg- 
ments: a r e f u s e  p r o c e s s i n g  o p e r a t i o n ,  u t i l i z i n g  t h e  Black Clawson Hydra- 
s p o s a l  system; and a power house,  which c o n t a i n s  two steam b o i l e r s  and two, 
20 MW e l e c t r i c a l  t u r b i n e  g e n e r a t o r s ,  p l u s  t h e  a s s o c i a t e d  c o n t r o l  equipment. 

T e s t s  were conducted by MRI on t h e  No. 2 u n i t  of t h e  power house, 
which i s  a n  a i r - s w e p t  s p r e a d e r  s t o k e r ,  waterwal l  b o i l e r  wi th  a nominal ca- 
p a c i t y  of 200,000 l b s / h r  of steam a t  625 p s i g  and 750'F. The b a i l e r  was 
f i r e d  wi th  100% r e f u s e - d e r i v e d  f u e l  (RDF), a l t h o u g h  a u x i l i a r y  o i l  burners  
a r e  used f o r  s t a r t - u p  and dur ing  f u e l  f e e d  i n t e r r u p t i o n s .  A i r  p o l l u t i o n  
c o n t r o l s  f o r  t h e  b o i l e r  c o n s i s t  o f  a hank of  12 mechanical cyclones 
fo l lowed by an e l e c t r o s t a t i c  p r e c i p i t a t o r .  

The purpose  of t h e  assessment  was p r i m a r i l y  t o  i n v e s t i g a t e  organic  
c o n s t i t u e n t s  of  t h e  s t a c k  gases  and t o  q u a n t i f y  odorous components. 
o t h e r  t e s t s  were a l s o  inc luded .  Emission s t reams e v a l u a t e d  inc luded  t h e  
b o i l e r  bottom a s h ,  cyc lone  a s h ,  ESP a s h  and t h e  s t a c k  e f f l u e n t  g a s e s .  Sam- 
p l e s  o f  the  RDF were a l s o  c o l l e c t e d  and ana lyzed  f o r  mois ture  p l u s  chemical 
and e lementa l  composi t ion .  
composi t ion.  S t a c k  emiss ions  were cont inuous ly  monitored f o r  SOP, N O x , , C O  
0 2  and t o t a l  hydrocarbon c o n c e n t r a t i o n s ,  and were a l s o  t e s t e d  t o  determine 
l e v e l s  of vaporous mercury and aldehydes.  I n  a d d i t i o n ,  a sample was c o l -  
l e c t e d  us ing  t h e  EPA Source Assessment Sampling System (SASS) f o r  a n a l y s i s  
under  EPA's Level  1 p r o t o c o l .  

However, 

The t h r e e  a s h  s t reams were analyzed f o r  e lementa l  

R e s u l t s  o f  t h e  t e s t  program d i d  not  i n d i c a t e  any p o l l u t a n t  emis- 
s i o n s  of  major concern .  S t a c k  gases  conta ined  r e l a t i v e l y  low c o n c e n t r a t i o n s  
of  S 0 2 ,  NO , and hydrocarbons.  Carbon monoxide l e v e l s  were s l i g h t l y  g r e a t e r  
t h a n  a n t i c l p a t e d .  
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Emissions of carbonyl  compounds (a ldehydes)  were de t ec t ed  a t  a 
maximum l e v e l  of 7 pprn ( 6 . 5  l b / h r ) .  

Mercury vapor concen t r a t ions  i n  t h e  s t a c k  e f f l u e n t  were very  low 
(< 0.12 mg/m3), and it appears  t h a t  mercury l e v e l s  a r e  g r e a t e s t  i n  t h e  f l y  
ash  c o l l e c t e d  by t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  
cury  i n  samples of  t h e  RDF was cons t an t  a t  about  3 pg/g. 

The concen t r a t ion  of  mer- 

t 
scjera: L_^^^ ."̂ +-.l 

,.LaLC r l l c L 6 L 1 ~  werc d c t c c t e d  i n  t h e  s t a c k  gases  a t  r e l a t i v e l y  
h igh  concen t r a t ions .  O f  t h e s e ,  l e a d ,  antimony, chromium, and a r s e n i c  were 
mos t  no tab le .  The i r  r e spec t ive  concen t r a t ions  i n  t h e  SASS sample were 580, 
460,  6 4 0 ,  and 560 pg/m3. 
and ESP ash  s t reams a l s o  i n d i c a t e d  t h a t  many of  t h e  more v o l a t i l e  e lements  
were a s soc ia t ed  wi th  t h e  sma l l e r  s i z e d  p a r t i c l e s .  

Elemental  a n a l y s i s  o f  t h e  bottom a s h ,  cyclone a s h ,  

Organic a n a l y s i s  of t h e  SASS sample,  u s ing  EPA Level 1 and add i -  
t i o n a l  GC/MS a n a l y t i c a l  t echn iques ,  showed a v a r i e t y  of  o rgan ic  c o n s t i t u e n t s .  
No s i n g l e  compound group appeared t o  predominate,  a l though s e v e r a l  po lynuc lea r  
a romat ic  hydrocarbons were d e t e c t e d .  A l l  organ ic  r e s u l t s  were q u a l i t a t i v e .  

Compounds c o n s i s t e n t l y  observed i n  a l l  SASS component e x t r a c t s  
inc luded  naphtha lene ,  f l uo ran thene ,  acenaphthylene ,  pyrene ,  phenanthrene/ 
an th racene ,  b i s (2e thy lhexy l )  p h t h a l a t e ,  and diphenylamine. The ma jo r i ty  of 
a d d i t i o n a l  compounds were found i n  t h e  XAD-2 r e s i n  e x t r a c t  and inc luded  two 
chlorobenzenes,  hexachlorobenzene, f l u o r e n e ,  and d i - b u t y l p h t h a l a t e .  
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ENVIRONMENTAL AND HEALTH ASPECTS OF BIOMASS ENERGY SYSTEMS* 

H. M. Braunste in  and F. C. Kornegay 

Energy D i v i s i o n ,  Oak Ridge Nat ional  Laboratory, 
Post O f f i c e  Box X, Oak Ridge, TN 37830 

I n  a recen t  s tudy (1 )  undertaken t o  ensure t h e  e a r l y  i n c o r p o r a t i o n  of env i ron-  
mental cons iderat ions i n  dec i s ions  concerning biomass-to-energy systems, a number 
of  issues emerged i n d i c a t i n g  the  need f o r  e a r l y  a t t e n t i o n  t o  environmental,  soc io -  
economic and hea l th  concerns. 
can lead  t o  environmental impact, and a l though most impacts w i l l  be s i t e - s p e c i f i c ,  
some gener ic  e f f e c t s  can be i d e n t i f i e d .  
a r i s e  f i r s t ,  from t h e  need f o r  l a rge -sca le  commitment o f  resources f o r  product ion,  
and second, from uncon t ro l l ed  widespread smal l -sca le u t i l i z a t i o n .  

Because biomass-related impacts cover a ve ry  broad spectrum o f  ma te r ia l s ,  
processes, end products, and e f f e c t s ,  t h e  d i scuss ion  presented here, except f o r  
an overview o f  gener ic  e f f e c t s  and comment on p roduc t i on  impacts, w i l l  be d i r e c t e d  
p r i m a r i l y  t o  those r e s u l t i n g  from r e s i d e n t i a l  wood combustion. 

Table I summarizes t h e  p o t e n t i a l  nega t i ve  impacts associated w i t h  biomass 
energy systems. Small sca le  r e f e r s  t o  on-farm, r e s i d e n t i a l  o r  smal l  commercial 
f a c i l i t i e s  and la rge -sca le  imp l i es  i n d u s t r i a l  s i z e .  It i s  assumed t h a t  implemen- 
t a t i o n  o f  complete ly  e f f e c t i v e  environmental c o n t r o l  f o r  e i t h e r  biomass p roduc t i on  
and ha rves t i ng  o r  smal l -sca le convers ion w i l l  be d i f f i c u l t  t o  a t t a i n  whereas 
i n d u s t r i a l  i n s t a l l a t i o n s  w i l l  be sub jec t  t o  e x i s t i n g  o r  f u t u r e  r e g u l a t i o n  on a i r ,  
water, and s o l i d  waste emissions. This  accounts i n  some cases f o r  a g rea te r  
s e v e r i t y  o f  impacts p r o j e c t e d  f o r  smal l -sca le a p p l i c a t i o n  compared t o  i n d u s t r i a l -  
sca le  deployment o f  t h e  same technology. A note o f  c a u t i o n  i s  e s s e n t i a l  i n  
i n t e r p r e t i n g  the data i n  Table I .  Because biomass systems are n o t  y e t  w e l l  de f i ned  
and because many o f  t h e  issues a re  complex and far - reaching,  assessment o f  t h e  
s e v e r i t y  o f  environmental impact  a t  t h i s  t ime  must be considered o n l y  as an 
i n d i c a t o r  o f  p o t e n t i a l  f o r  nega t i ve  e f f e c t  and d e f i n i t e l y  n o t  as a p r e d i c t i o n  
o f  unavoidable impact. Th i s  i s  e s p e c i a l l y  a p p l i c a b l e  t o  t h e  as-yet -unr ipe 
technologies i n v o l v i n g  energy c u l t i v a t i o n ,  such as s i l v i c u l t u r e ,  a g r i c u l t u r e ,  
and m a r i c u l t u r e  (marine farming) .  

terms o f :  

Both p roduc t i on  o f  biomass as w e l l  as convers ion 

The most impor tan t  p o t e n t i a l  impacts 

P o t e n t i a l  impacts o f  biomass product ion,  which can be summarized i n  

0 Land use (and abuse) 
0 Water use (and abuse) 
0 Erosion and sedimentat ion 
0 A g r i c u l t u r a l  and f o r e s t  r u n o f f  

and 0 Disturbance o f  ecosystems, 

can be a t t r i b u t e d  d i r e c t l y  t o  t h e  necessary p r o p e r t i e s  o f  an energy farm: 

0 I n t e n s i v e  species management 
0 
0 Short  r o t a t i o n  t ime 
0 Weed and pes t  c o n t r o l  
0 Large land  t r a c t s  

Fas t  growing and regenera t i ve  species (monocul tura l )  

and 0 Use o f  p resen t l y  u n d e r u t i l i z e d  land.  

* 
Research sponsored by t h e  U.S. Department o f  Ener9.y under c o n t r a c t  W-7405-eng-26 
w i t h  t h e  Union Carbide Corporat ion.  
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Because biomass energy production systems a re  projected as operating on a very la rge  
sca l e ,  the  projected environmental impacts tend t o  be an exaggeration of well-defined 
ef fec ts  which a re  now controlled or mitigated i n  existing production and harvest  
schemes. For example, land use impacts of energy production a r i s e  from the  need 
fo r  a large commitment of land ( i t  requires 38 million acres to  produce one quad Of 
energy). Land i s  unavailable except e i t h e r  i n  competition w i t h  food, f i b e r ,  o r  l ive- 
stock production, or by using underutilized land. 
i t  i s  of low quality and unsuitable fo r  cu l t iva t ion  because of problems such as  
wetness, dryness, or high erosion potential .  Potential  environmental impacts o f  
intensive monoculture cu l t iva t ion  of low qual i ty ,  marginal, or uncultivated lands 
have been well documented ( 1 ) .  In addition t o  possible water and so i l  nu t r ien t  
depletion, and a i r  and water pollution, conversion of such areas to  biomass 
plantations could r e su l t  in destruction of the l a s t  remnants of once-extensive 
wild1 i f e  habitats.  

be converted e i the r  d i r ec t ly ,  by combustion, o r  ind i rec t ly ,  by thermochemical o r  
biochemical conversion. This involves a wide var ie ty  of technoloqies, many 
d i f f e ren t  processes, and various-sizP operations. 
of biomass-to-energy options, one of the most familiar and readi ly  ava i lab le  
i s  res ident ia l  wood combustion. Unfortunately, few def in i t ive  environmental 
impact data e x i s t  fo r  t h i s  use. Because wood burninq i s  r e l a t ive ly  f r ee  of some 
of the  most serious environmental problems associated with coal combustion 
such as so l id  waste disposal and sulfur dioxide emission, a n d  because environmental 
control i s  d i f f i c u l t  t o  implement a t  the home-owner leve l ,  l i t t l e  a t t en t ion  has been 
focused on environmental management of t h i s  biomass apolication. 
wood burning, which i s  becoming increasingly more popular and widespread, produces 
a i r  emissions which, i f  uncontrolled, can pose a t h rea t  n o t  only t o  the environment 
b u t  a l so  t o  human health. The important thermal decomposition products of wood are 
smoke (a mixture of so l id  par t ic les  and condensed l iqu id  pa r t i cu la t e s ) ,  v o l a t i l e  
hydrocarbons, and carbon monoxide. S igni f icant ly ,  even when wood burninq Droduces 
low concentrations of smoke, larqe quant i t ies  of carbon monoxide may be oroduced ( 2 ) .  
Additionally, the conditions t h a t  promote abundant emission of both smoke and carbon 
monoxide a re  exactly those prevalent in the conventional res ident ia l  wood stove or 
f i rep lace  (1).  

res ident ia l  combustion a re  hindered by the  lack of standard techniaues such as e x i s t  
f o r  assessing the emissions associated with large centralized sources. 
commonly employ sophisticated emission abatement devices, uniform fue l s ,  and 
carefu l ly  designed, operated, and maintained combustion devices. Wone o f  these 
assumptions apply to  the residential  wood stove. 
w i t h  which wood stoves a re  replacing more conventional heatinq sources and the 
consequent potential f o r  environmental impact, demands an evaluation. 

Available predictive techniques were u t i l i zed  t o  pred ic t  qround-level concen- 
t r a t ions  of pollutants from wood combustion devices. 
Gaussian d is t r ibu t ions  of po l lu tan ts ,  and are most applicable in f l a t  t o  gently 
ro l l i ng  t e r r a in .  
emission r a t e s ,  wind speeds, and wind d i rec t ions .  
dispersion approach, the values in Tables I 1  a n d  111 were obtained. 
and distance dependence were determined fo r  groundlevel concentrations of emissions 
from one wood combustion device burning 3 kg of wood per hour under the following 
typical meteorological conditions: 

Land i s  only underuti l ized when 

In order to e f f ec t  the release of the energy in biomass materials,  they must 

Of the resu l t ing  array 

However, home 

Unfortunately, attempts to  estimate the a i r  qua l i ty  impacts of small-scale 

The l a t t e r  

Nonetheless, the  rapid Dace 

These techniques ( 3 )  assume 

Concentrations can be calculated f o r  a variety of pollutant 
Usinq this tyoical Gaussian 

The time 

w i n d  speed 2m/sec 
e f fec t ive  emission heiaht 10 m 
atmospheric s t a b i  1 i t y  s t ab le ,  c lass  E .  
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Table 11 - Maximum One-hour Ground Level  Concentrat ions O f  Emissions 
3 

From One Wood-burning Device (pq/m ) 

Downwind Dis tance SAove (oak)  Stove ( p i n e ) b  F i r e p l a c e  
( m )  P a r t i c u l a t e s  Hydrocarbonsd COe P a r t i c u l a t e s  P a r t i c u l a t e s C  

10 
25 
50 
75 

100 
150 
200 
250 
300 

1.5 1 - 32 114 
4.6 3 - 98 354 
4.2 3 - 87 320 
3.3 2 - 70 254 
2.1 1 - 45 161 
1 . 5  1 - 31 111 
1.1 0.7 - 23 82 
0.8 0.5 - 17 62 

8.8 
27.2 
24.6 
19.5 
12.4 
8.5 
6.3 
4 .8  

3 
Table I11 - Peak Concentrat ions ( t iq /m 

f Time ( h r s )  

1 4.? 3 - 99 356 27.4 
3 3.2 2 - 67 242 18.6 

24 1.5 1 - 32 116 8.9 

Tab le  IV - Shor t - te rm Worst-case Est imates From A Study Areag (vg/m3) 

10 
25 53 31 - 1071 4017 
50 52 30 - 1070 3991 

100 51 30 - 1050 3939 
150 51 30 - 1040 3900 
200 50 29 - 1029 3809 

300 48 28 - 988 3666 
250 49 29 - io09  3718 

r e f .  ( 5 ) .  Emiss ions:  1.7 g/kg wood 
r e f .  ( 5 ) .  Emiss ions:  10.0 g/kg wood 
r e f .  ( 6 ) .  Emiss ions:  15.0 g/kg wood 
r e f .  ( 7 ) .  Emiss ions:  range 1 g/kg t o  35 g/kg wood 
r e f .  (8 ) .  Emiss ions:  130 g/kg wood 
Time s c a l i n g  f a c t o r s  f rom r e f .  (3) 

309 
307 
303 
300 
293 
286 
282 

13.2 
40.7 
36.8 
29.2 
18.6 
12.8 
9.4 
7.2 

41.1 
28.0 
13.3 

463 
459 
453 
445 
439 
428 
422 

4 )  Study area:  

S i ze  
Housing d e n s i t y  
Wood use 
Emissions r a t e s  same as i n  Table I 1  

1/2km x 1/’2km 
4 u n i t s / a c r e  = 247 d w e l l i n g s  
3 kg/hr/house 
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I 
I n  t h e  Clean A i r  A c t  Amendments o f  1977 (PL 95-95), t h e  EPA de f i ned  t h a t  amount 

o f  adverse e f f e c t  on a i r  q u a l i t y  a l lowed i n  the  p reven t ion  o f  s i g n i f i c a n t  d e t e r i o r -  

and power p l a n t s  a r e  reviewed f o r  PSD compliance. 
represents  reasonable l e v e l s  o f  a i r  q u a l i t y  degradat ion deemed acceptable. 
increments f o r  p a r t i c u l a t e s  (none e x i s t  f o r  carbon monoxide o r  hydrocarbons) a r e  given 
f o r  c l a y  I & I 1  areas (4) .  For p resen t l y  p r i s t i n e  (Class I )  areas incremenjs  a re  
10 ug/m maximum f o r  a 24 hour pe r iod  w i t h  an o v e r a l l  mean maximum o f  5 ug/m ; f o r  
t y p i c a l  (Class 11) areas, p a t j t i c u l a t e  concen t ra t i on2  a r e  l i m i t e d  t o  a 24 hour 
maximum increment o f  37 Ug/m and a mean o f  19 ug/m . C l e a r l y ,  values i n  Table I 1  
show t h a t  o f  severa l  woodburning stoves l oca ted  w i t h i n  100 meters o f  each o t h e r  
would exceed a l l owab le  increased i n  p r i s t i n g  areas and would consume much of  t h e  
a l l owab le  increases i n  t y p i c a l  areas. 

cond i t i ons  ( i n v e r s i o n  w i t h  a 15 meter s t a b l e  l a y e r ) ,  t h e  a i r  q u a l i t y  impact  would 
be fa r  more severe, as i n d i c a t e d  i n  Table I V .  The s tudy area i n  Table I V  rep resen ts  
a t y p i c a l  small  community, and the  d i s p e r s i o n  cond i t i ons  a r e  r e p r e s e n t a t i v e  o f  small  
Appalachian reg ion .  The assumed adverse cond i t i ons  rep resen t  a r e a l  i s t i c  w o r s t  case 
s i t u a t i o n  t h a t  cou ld  be expected t o  occur n i g h t l y  i n  some l o c a t i o n s  i n  t h e  
southeastern U.S. and i n  New England occas iona l l y  l a s t i n q  f o r  UP t o  24 hours. 
a l l  247 houses i n  the  community heat  w i t h  wood f o r  f o u r  months t h e  t o t a l  p a r t i c u l a t e  
emissions f rom a 1000 MWe c o a l - f i r e d  power p l a n t  se rv ing  t h e  needs o f  approx imate ly  
500,000 people us ing  a s t a t e - o f - t h e - a r t  p a r t i c u l a t e  removal system (99.5% e f f i c i e n t )  
would emi t  approx imate ly  13 tons o f  p a r t i c u l a t e  du r ing  the  same t ime  p e r i o d  (10 ) .  
I n  a d d i t i o n ,  a l though l i t t l e  i s  known about the  p o t e n t i a l  h e a l t h  e f f e c t s  o f  l ong -  
term exposure t o  wood combustion p a r t i c u l a t e s ,  many o f  t he  i d e n t i f i e d  hydrocarbons 
a re  known carcinogens (1 ) .  
f o r  adso rp t i on  o f  po l ycyc lec  aromat ic  hydrocarbons onto t h e  su r face  o f  r e s p i r a b l e -  
s i z e  wood ash p a r t i c l e s  (11) .  

c u r r q n t  ambient 8 hour maximum standard o f  10,000 uq/m However, t h e  4,000 
pg/m should perhaps n o t  be considered inconsequent ia l .  Animal s t u d i e s  i n d i c a t e  
t h a t  exposure t o  low l e v e l s  o f  carbon monoxide f o r  per iods as s h o r t  as f o u r  hours 
conver ts  the  myocardium f rom ae rod ic  t o  anaerobic metabolism l e a d i n g  t o  u l t r a -  
s t r u c t u r a l  h e a r t  damage (12). 

Biomass-to-enerqy systems, by u t i l i z i n g  a revewable resource, can make an 
impor tan t  c o n t r i b u t i o n  t o  our  o v e r a l l  energy needs. However, insurance o f  env i ron -  
mental a c c e p t a b i l i t y  w i l l  r e q u i r e  c lose  a t t e n t i o n  t o  t h e  p o s s i b l e  impacts o f  
rap id ,  impuls ive,  and uncon t ro l l ed  implementation. 
dispersed, smal l -sca le environmental a l t e r a t i o n s  and t o  consider  l o c a l  e f f e c t s  as 
i n s i g n i f i c a n t  r e l a t i v e  t o  t h e  l a r g e  c e n t r a l i z e d  source. I m p l i c i t  i n  t h i s  accomo- 
d a t i o n  i s  t he  d o c t r i n e  t h a t  environmental d i l u t i o n  i s  e q u i v a l e n t  t o  environmental 
d i s s i p a t i o n .  But because a renewable technology i s  a lonq- term technoloqy, an 
i n -dep th  e v a l u a t i o n  w i l l  r e q u i r e  knowledge about l ow- leve l ,  l ong - te rm e f f e c t s .  
Un fo r tuna te l y ,  t h i s  i s  an area t h a t  we know l i t t l e  about. Thus, u n t i l  t h i s  
i n f o r m a t i o n  i s  a v a i l a b l e ,  i t  may be d i f f i c u l t  t o  assess long- term e f f e c t s  o f  
t h e  l a r g e  number o f  r e l a t i v e l y  smal l ,  d ispersed d is turbances t h a t  can a r i s e  f rom 
t h i s  broad-based techno1 ogy. 

I 
1 a t i o n  (PSD) r e g u l a t i o n s .  Present ly ,  o n l y  l a r g e  f a c i l i t i e s  such as i n d u s t r i a l  sources 

However, t h e  a l l owab le  d e t e r i o r a t i o n  
PSD 

Were a community o f  houses t o  conver t  t o  wood heat, under adverse me teo ro log i ca l  

I f  

A d d i t i o n a l l y ,  p r e l i m i n a r y  s tud ies  i n d i c a t e  the  p o t e n t i a l  

The l e v e l  o f  carbon monoxide downwind o f  t h e  sma l j  community i s  w i t h i n  t h e  
( 4 ) .  

Our h a b i t  has been t o  accomodate 
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